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The microstructural evolution of AISI304 stainless steel in the Steckel mill rolling 
process is investigated. This study includes the analysis of mill logs, microstructural 
examination of the mill product, deformation simulations and post deformation heat 
treatments. 
The mill logs from industry contains information about various process variables such 
as temperature, roll speed, dimensions of the mill strip and forces applied to it during 
the hot mill rolling process. The strain, strain rates and stresses on the mill strip can be 
calculated from the mill logs. An understanding of the metallurgical changes during 
rolling process can be gained by analysing the mean flow stress trends that evolve 
during rolling. 
Microstructural examination of the strip in different regions allows us to evaluate the 
property variations in the strip. This was done with microhardness testing, 
conventional optical microscopy and electron backscatter diffraction. The middle 
section of the strip demonstrated full recrystallization whereas the head and tail 
sections demonstrated no signs of recrystallization. The property differences through 
thickness proved to be negligible. 
Laboratory simulation was done in uniaxial compression testing on a Cam 
Plastometer. It was found that the temperature has a profound influence on the flow 
stress and the microstructure. The strain rates experienced in hot rolling does not have 
a significant effect on the flow stress and no measurable effect on the hardness. 
Heat treatments were done on the deformed uniaxial compression samples. The 
results of these heat treatments were analysed by two different methods: to deform the 
sample again after the heat treatment and to compare the yield stress from the first and 
second deformation and to measure the changes in room temperature hardness with 
the heat treatment time. The latter led to the deVelopment of a time to 50% 
recrystallization equation that allows the prediction of a direct annealing time for 
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CHAPTER 1: INTRODUCTION 
The hot rolling of metals and alloys is the most common form of deformation used in 
industry. Various process parameters govern the material properties, namely 
temperature, strain and strain rate. Other important considerations are related to the 
material state and composition. 
AISI304 stainless steel is one the most commonly produced grades of stainless steel. 
Its commercial importance makes it an object of intense study and a large body of 
literature exists on its properties under hot deformation conditions. Often different 
studies will have numerically dissimilar outputs for nominally the same composition 
alloy. These inconsistencies are due to a range of factors including small changes in 
the chemical composition and the types of deformation simulations that are used in 
these studies. 
As the properties of the material are evolve through the hot rolling process, various 
microstructural phenomena affect the mechanical properties of the metal. These 
include recrystallization (RX), recovery and strain hardening. These phenomena 
provide the link between the process parameters and the end properties. Particularly 
important is the process of recrystallization. In AISI304 stainless steel, it is the 
principal softening mechanism. 
The objectives of this project are to map out the microstructural evolution during the 
hot mill rolling process and its relation to process parameters: the mechanisms that are 
occurring and to what extent. Specific objectives are to: 
1. Analyse property variations in the metal strip through thickness and in the 
head and tail sections in relation to the middle section. 
2. Recommend a practice for direct annealing of the material, which requires 



























+-- Improvement -;---...., 
, , , 
Empirical Restoration Formula 
• to.5 time to 50% Rx 
• Xv fraction Rx 




: Mean Flow Stress 
: Calculations , , , , , , , , 
, , , , , , , , , , 
, , , , , 
, , , 






• cr(r, T,t) 
Hot Deformation 
Simulation , , , , , , , , 
I , , 
I , , 
I Isothermal Heat Treatments 11---:'----' 
I , , , , , 
, 
, , , , 
I , 1 , , , , , 
, , , , , 
Microstructure Analysis 
• Hardness 
• Optical Microscopy 




I , , , , , , , 




















The experimental procedure in trying to fulfil these objectives is presented in Figure 
1-1. 
The inputs are data and physical samples that were received from the mill process. 
These are the material properties refer to the composition and grain size and the 
information from the mill logs and are the process conditions under which the 
material was deformed. 
The techniques shown are the experimental methods used to analyse the inputs. Hot 
deformation testing was done on the transfer billet. The testing parameters are based 
on the mill log information. Isothermal heat treatments were performed on selected 
deformed specimens. These were used to determine empirical restoration formulas. 
The empirical restoration formulas used were: time to 50% recrystallization (tos) and 
the fraction recrystallized (Xsrx). A finite element model of the strip was used to 
determine if the variations through thickness were significant. The mean flow stress 
calculations were performed on the mill log data to establish the microstructural 
evolution in the mill strip. These were compared to constitutive equations from 
literature that related steady state flow stress to the process parameters strain (£), 
temperature (T) and strain rate (E). Microstructural analysis involves doing 
microhardness, optical microscopy and electron backscatter diffraction. This analysis 
was done on the deformed samples from the hot deformation studies, on the products 










CHAPTER 2: LITERATURE REVIEW 
2.1 Material 
Stainless steels are corrosion resistant iron-based alloys containing a minimum of 
11 Wt% chromium and a maximum of 1.2 Wt% carbon. This amount of chromium is 
the minimum required to form a passivation layer, which prevents the formation of 
rust, hence the designation 'stainless'. 
2.1.1 Properties and Applications 
The main commercial advantage of stainless steels is their corrosion resistance given 
that their mechanical properties may be equalled or surpassed by other steels at a 
lower initial cost. The mechanical properties of stainless steels can be tailored to meet 
the end user requirements through small changes in their composition and appropriate 
thermomechanical processing. 
The forming properties of stainless steel are important with the different types of 
manufacturers requiring different properties. The producers of household sinks 
require good stretch forming properties whereas saucepan manufacturers need a 
material that can be deep drawn. 
Many types of stainless steels have excellent welding properties; they can be easily 
welded without significant changes in their corrosion resistance and mechanical 
properties. Stainless steels also find uses at extreme temperatures where they have 
excellent high temperature creep resistance and certain grades have excellent 
toughness properties at cryogenic temperatures I. 2. 
2.1.2 Corrosion Resistance of Stainless Steel 
The most commercially important feature of stainless steels is their corrosion 
resistance. The reason for stainless steel's resistance to corrosion is the chemically 











forms rapidly in the presence of oxygen. Any substance that damages or reduces this 
layer will therefore lower the chemical resistance of the steel. 
2.1.3 Structure 
Stainless steels are classified according to their microstructure which is based on their 
chemical composition. The major classifications of stainless steel are given in Table 
2-1. 
Table 2-1: Stainless steel types and common designations3, 
Stainless Steel Crystallographic Abbreviation Major 
Type Structure Phases 
Austenitic face centred cubic FCC y 
Ferritic 
i 
body centred cubic BCC S,a 
Martensitic body centre tetragonal BCT a' 
A major group of stainless steels not mentioned in Table 2-1 is the duplex stainless 
steels which are a combination of ferritic and austenitic stainless steeL The various 
alloying elements have an effect on the relative amounts of ferrite, austenite and 
martensite in the structure and this can be seen in Equation 2_ 13. 
%Ferrite = 3(Cr + 1.5Si + Mo) 2.8(Ni + O.5Mn) - 84(C + N) 19.8% 
Equation 2·1 
Equation 2-1 is an empirical equation and is based on the stainless steel at ambient 
conditions after normal processing. The alloying additions are in weight percent 
From this equation, chromium can be seen to be a very strong ferrite-forming element 
whereas nickel, carbon and nitrogen have the opposite effect and are strong austenite-
forming elements. The fraction of ferrite will differ with processing conditions. Its 
formation is promoted at higher temperatures and strain rates4. 
2.1.4 Austenitic Stainless Steel 
Austenitic stainless steels are the most popular class of stainless steeL They contain 
18 - 25% Cr and 8 20% Ni5. The large amounts of Nickel stabilise the y phase in the 
materiaL These stainless steels cannot be hardened by quenching to room temperature, 














and ferritic stainless steels is that they do not undergo major precipitation hardening. 
Austenitic stainless steels are non-magnetic, unlike their ferritic counterparts, but can 
become slightly magnetic when deformed. This magnetism can be attributed to the 
formation of martensite. 
2.1.4.1 Transformation to Martensite 
For a given composition, transformation to martensite can occur if one of the 
following two conditions are met: The material is cooled from a high temperature to 
below the martensite start temperature (M, ) or it is worked at low temperatures. This 
process is a diffusionless shear transformation process. The empirical equation below 
shows the effects of various alloying elements on the M, (0C)6. 
M, ;;;:; 1302 - 42(Cr%) - 61 (Ni%) - 33(Mn%) - 28(Si%) -1667(C% + N%) 
Equation 2-2 
Even above low M, (for example -180°C for AISI304 stainless steel), stainless steel 
may undergo a martensite transformation. This transformation can occur by 
deformation. The temperature above which no transformation is possible despite any 
amount of cold work is the Md temperature. Another equation relating composition 
and transformation to martensite is given below3• 7: 
Md30 413-13.7(Cr%)-9.5(Ni%)-8.I(Mn%) 9.2(Si%) 462(C%+N%) 18.5(Mo%) 
Equation 2-3 
Where MJ30 is the temperature at which 50% martensite may be formed by deforming 
the material by 0.3 strain in tension. This method of deformation shall affects 
the M d30 , with the temperature being different for tension and compression. 
The strain induced martensite phase is much harder than the parent austenite phase 
and it influences the work hardening rate. The chemical composition can therefore be 
changed to achieve an optimum work hardening rate. 
2.1.4.2 Carbide Precipitation 
Austenitic stainless steels may contain up to 0.15% C. This carbon can combine with 










Literature Review 7 
produce carbide precipitates of the form M 23C6 • The carbon first precipitates at high 
energy sites like grain boundaries followed by twins and then within austenite grains 
as can be seen in Figure 2-1. The formation of these carbides is undesirable as they 
deplete the chromium levels in the surrounding area and lead to a phenomenon called 
sensitisation. The lowering of chromium inhibits the steel's ability to form a passive 
layer and severely reduces the steel's corrosion resistance. The carbide precipitation 
may also lead to a slight increase in the strength of the stainless steel. 
The reduction of carbon and to a lesser extent the chromium in the sensitised region 
will elevate the M, as can be seen in Equation 2-2. The formation of martensite is 
then promoted in the sensitised regions. 
1800 
482 
~ __ ~ ____ ~ __ ~ __ ~ ____ ~ __ ~ __ ~3~ 
0.015 0.15 1.5 15 
Time h. 
Figure 2-1: A temperature time transformation (TTT) curve of AISI304 stainless steel showing 
carbide precipitation kineticsb• 
The TIT curve in Figure 2-1 indicates the effects of temperature and time on the 
carbide precipitation. Holding the metal for extended periods at high temperatures can 
induce carbide precipitation. At higher temperatures, the carbides may be dissolved 
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2.1.5 Processing 
Various different processing routes exist for stainless steel in industry; a summary is 
given of the common features of these processing routes with particular emphasis on 
the processing of stainless steel flat product. 
The first stage of processing stainless steel is melting of the recycled scrap and virgin 
material in an electric arc furnace. In the next stage, molten metal is decarburised in 
an oxidation process. The main method used in industry is the Argon-Oxygen 
Decarburisation (ADD) method. Oxygen is blown through the molten metal to react 
with the carbon to form carbon dioxide and carbon monoxide. Argon is also 
introduced in this operation to reduce the partial pressures of the oxygen and carbon 
dioxide and causes oxidation of the carbon in preference to the alloying elements of 
the molten metal. In this fashion, the molten stainless steel is refined and the carbon 
percentage is reduced from 1.5% to 0.05 %6. 
The refined molten metal is poured into a continuous caster and cooled to form a slab. 
In producing stainless steel flat product, hot rolling is by far the most popular next 
stage of processing. The slab from the continuous caster would be typically 200mm 
thick and heated before the first stage of hot rolling. The hot rolling may be divided 
into two stages: the roughing stage and the finishing stage. In the roughing stage, the 
thickness is systematically reduced and the length is increased. The finishing stage 
involves more reductions in thickness and the surface finish from this stage is very 
important. Apart from mechanical properties, two important issues which determine 
the quality of the final product are the thickness gauge tolerance and the surface 
quality 
The finish stage rolling can be done on a hot strip mill with high lot numbers. These 
consist of a series of tandem mills. Another method, which is the one examined in the 
present study, is done on a reversing mill. A specialised reversing mill is the Steckel 
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2.1.5.1 Steckel Mill 
The feature of the Steckel Mill that distinguishes it from other hot strip reversing mills 
are the two coiling furnaces on either side of the work rolls and this setup is illustrated 








Pinch Roll Unit 
Figure 2-2: Schematic of hot coil furnace lO• 
The head section is the end that enters the mill first and the tail section is the end that 
last enters the mill. The head section of the transfer bar from the roughing mill is 
cropped. It then passes under the entry side of the coiling furnace and is then threaded 
into the roll gap between the work rolls by pinch roll unit. This initiates the first pass. 
After passing through the work rolls the stripa is threaded by the pinch roll unit into 
the hot coil furnace on the delivery side. This is done at approximately 2m.s·1 to 
2.5m.s· l . The mandrel and the strip then accelerate to the rolling speed. Tension is 
then established in the strip. The strip then decelerates to stop between the roll gap 
and the delivery side pinch roll unit. Note that the whole strip does not go into the hot 
coil furnace. In this position, the roll gap is preset for the next pass. The preset time 
takes approximately 5 to 7 seconds for l300mm wide AISI304 stainless steel. This 
time is as short as possible to conserve heat in the ends. In the next pass the strip is 










Literature Review 10 
threaded by the entry side pinch roll unit into the hot coil furnace. The strip goes 
through this process an odd number of times usually 5, 7 or 9 times. If an even 
number of passes was done it would pass back the way it came. On the last pass the 
strip passes through the delivery side pinch roll unit and passes under the delivery side 
hot coil furnace to the laminar coolers. 
2.1.5.2 Steckel Mill Advantages 
The Steckel mill is generally used in developing countries and is often referred to as 
the "Poor man's rolling mill,,6. This is due to its versatility and comparatively low 
capital cost. Lot numbers are also usually quite small from a Steckel mill. 
Capital costs are lower, since the single stand Steckel mill can perform the task of 
double stand mill. Furthermore, long runoff tables are not required due to the coil box. 
Therefore, the Steckel mill provides a short compact construction. 
Since the Steckel mill has two hot coil furnaces, the temperature is kept high and the 
reversing passes can continue indefinitely. A wider range of gauges and widths can be 
achieved, especially thinner gauges since the material is kept hot. A better surface 
quality is also achieved than traditional reversing millsl2. 
2.2 Deformed State 
An understanding of the deformed state is important in understanding the hot rolling 
process. It also furthers the understanding of recrystallization and related annealing 
phenomena. The deformation process involves an accumulation of dislocations 
whereas restoration is a process where dislocations are annihilated. These dislocations 
provide the driving force for restoration. 
2.2.1 Stacking Fault Energy 
The stacking fault energy (YSFE) is important in determining the deformation mode 
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In austenitic stainless steels, the value is related to the thermodynamic stability of the 
austenite . In austenitic stainless steels the will vary with the composition 
and the temperature 13 . 
In FCC metals with low YSFE (e.g. austenitic stainless steels), less than 25mJ. m -2, the 
preferred deformation mode is twinning. Twins are straight sided bands that run 
across grains. The twins are wider with higher deformation temperatures and 
10werYsFE' The twin density also increases with a decrease inySFE ' Lower stacking 
fault energy also results in an increase in the work hardening rate J4. 
In metals with higher Y SFE' the deformation mechanisms of cross slip and climb are 
favoured. 
2.2.2 Grain Boundaries 
Grain boundaries are boundaries that separate areas of different crystallographic 
orientation. As a distinction that depends on the context, High Angle Grain 
Boundaries (HAGB) have misorientation angles greater than 10° to IS° and any other 
boundaries with angles greater than 1 ° to 1.5° are called Low Angle Grain Boundaries 
(LAGB)J5. 
The concept of a Coincident Site Lattice (CSL) is an important way of describing 
grain boundaries. When two lattices of adjacent grains interpenetrate then some of the 
lattice sites will coincide. The reciprocal of ratio of the lattice sites to the coincident 
lattice sites is denoted L. This value of L would indicate orientation relationships 
between adjacent grains. Boundaries with special values of L are often referred to as 
CSL boundaries. A coherent twin boundary is a subset of CSL boundaries with L = 3. 
LAGB have low values of L close to 1. 
2.2.3 Microstructural Change 
During deformation, the microstructure of a metal changes in a number of ways. The 
grain changes shape and the grain boundary area increases. The grain boundary area 
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deformation. In hot rolling, the grams become lath shaped. In polycrystalline 
materials, the individual grains change orientation relative to the directions of the 
applied stresses. The grains then acquire a preferred orientation or texture that 
becomes stronger as deformation proceeds 16. 
Various microstructural features form within grains during deformation. 
2.2.4 Substructures 
Substructures such as subgrains and cells may form within grains from dislocation 
rearrangement during deformation. These features form mainly in microstructures that 
deform by slip. They can be distinguished by the dislocations in their boundaries. 
Subgrains have sharp well ordered dislocations and cells have a diffuse tangled array 
of dislocations 15• In metals with low values of 1m (for example AISI 304 stainless 
steel) a dislocation cell structure does not arise and the dislocations break down to 
form arrays of stacking faults on twin planes. 
2.2.5 Other Misorientation Features 
A source of misorientation or orientation gradient can occur near large second phase 
particles (> 111m). 
Deformation bands are regions of homogenous orientation inside the grains which 
have different orientations to the rest of the grain. 
Transition bands are also sources of in-grain misorientation. They are interfaces that 
form when grains break up during deformation. They occur after both room 
temperature and high temperature deformation. 
Low 1SFE promotes strong strain hardening which facilitates the formation of shear 
bands. Shear bands are areas of localised strain and both they and shear bands are 
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2.2.6 Stored Energy 
The stored energy provides the driving force for restoration. The stored energy 
originates when working the material; approximately I % goes into deformation and 
the remaining 99% of the work is given off as heat. Most cif the stored energy is 
contributed by dislocations. Point defects store very little energy since they have very 
high mobility. The energy contributed by the dislocations is determined firstly by their 
density and then by their arrangement and distribution. The surroundings of the 
dislocations also influence how much energy they store. The energy is highest in a 
pileup such as a grain boundary and lowest in cell walls and subgrain boundaries. 
The amount of stored energy depends on several factors. It is influenced by the 
deformation type (compression, tensile ... ), extent of the deformation and the 
deformation temperature. Further factors include the composition and the grain size of 
the material. 
2.3 Flow Stress 
Flow stress is the instantaneous true stress of a material. It is a function of material 
related parameters (composition, microstructure, strain history and structure) and 
processing conditions (extent of deformation, deformation temperature, strain rate). A 
material starts deforming plastically when the applied stress reaches the flow stress. In 
a compression test, it would be the magnitude of the stress to produce plastic 
compression under given test conditions. 
Flow stress is an important issue in metal working as it determines the working loads. 
Various metallurgical phenomena can be ascertained by the shape of the flow stress 
curve. These metallurgical phenomena will be discussed in the following sections. 
2.3.1 Zener-Hollomon Parameter 
Temperature and strain rate are fundamentally linked processes in the hot working 
process. Their effects may be explained by considering the softening and strain 
hardening mechanisms. Any increase in temperature would increase the rate of 










Literature Review 14 
hardening. Therefore, any increase in temperature may be compensated for by a 
decrease in strain rate. Zener-Hollomon parameter (Z) embraces the control variables 




Z = Eexp( Qdef ) 
R Ttlef 
strain rate (S·I) 
temperature of deformation (K) 
gas constant (8.31 J.morl.K-1) 
activation energy for deformation (J.mor l) 
Equation 2-4 
For AISI304 stainless steel the following formula IS a rough empirical guide to 
calculating the activation energyl8: 
QJef = 13.5 (S) (±25) kJ.mor l 
Equation 2-5 
Where:S = weight percent of the alloying metal solute 
The universal hot working equation is an Arrhenius equation for steady state flow 




E exp( Q dcf ) = A(sinh acr )" 
R Tdef 
stress multiplier (kPa'!) 
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Table 2-2: Constants for AISI 304 stainless as found in published works. 
A (S-I) n a (kPa-1) Qdcf (kJ/mol) Ref 
_ .... ...... -
5.65xlO14 4.6 0.012 393 I~ 
2.8xlO'4 5.3 0.08 380 d 
5x I 01) 4.7 0.012 434 24 
- 4.29 0.012 407 25 
From Equation 2-6, the effects of an increase in temperature or a decrease in strain 
rate can be associated with a decrease in flow stress. 
This equation assumes that flow stress is only dependant on the instantaneous values 
of temperature, strain and strain rate. It is an equation of state and does not depend on 
history. This equation would not accommodate any prior strain history. 
2.4 Recovery 
Recovery is the term used to describe all annealing processes in deformed materials 
where no migration of high angle grain boundaries occurs26. It is not a single process 
but a succession of micromechanical processes including: point defect annihilation; 
dislocation annihilation and rearrangement; subgrain formation and growth27 • 28 
These processes are thermally activated. 
Complete recovery is unlikely to occur in most materials due to the occurrence of 
recrystallization. Recovery usually involves partial restoration of properties since the 
dislocation structure is not completely removed. 
2.4.1 Recovery Parameters 
The occurrence of recovery depends on many parameters namely the material, strain, 
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The stacking fault energy is one of the most important material parameters in 
recovery. High 'YSFE promotes dislocation glide, climb and cross-slip - processes 
which control the rate of recovery. 
An increase in strain and annealing temperature tends to increase the extent of 
recovery until the onset of recrystallization which then becomes the dominant 
restoration mechanism. 
2.4.2 Dynamic Recovery 
Recovery that occurs during deformation at high temperatures is called Dynamic 
Recovery (DR V) to distinguish it from the static process that occurs after 
deformation. It occurs at all strains at a large range of temperatures above 
approximately OATM (Melting temperature in Kelvin)29. 
2.4.3 Nucleation of Recrystallization 
If a large orientation gradient exists in a crystal then as subgrains grow during 
recovery the local misorientation increases. This local instability of the microstructure 
results in highly misorientated subgrains and grains which are the nuclei for 
recrystallization. 
2.5 Recrystallization 
Recrystallization is the formation of a new dislocation free grain structure by the 
movement and creation of HAGB3o. It is favoured in materials with low to 
medium 'YSFE 31. The stacking faults are usually present in planar arrays of high energy 
which provide a large driving force for recrystallization. Climb, a process that aids 
recovery is also difficult in materials with low 'YSFE' 
During processing, complete recrystallization results in complete softening of the 
metal by replacing deformed grains with strain free grains and prevents the 
accumulation of stored energy during successive deformations. Hence, working loads 
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2.5.1 Nucleation and Growth 
The nucleus in the recrystallization may be thought of as a crystallite of low energy 
which is separate from the deformed matrix into which it is growing by high angle 
grain boundaries. This nucleus is not a nucleus in the strict thermodynamic sense 
(such as in phase transformations or precipitation reactions) but tiny regions which 
pre-exist in the deformed material. For this recrystallization nucleus to arise a critical 
dislocation density difference has to exist at the interface between the nucleus and the 
surrounding material. Only a region with a high misorientation angle between itself 
and the surrounding material has the necessary mobility to evolve into a fully 
recrystallized grain. Experimental observation reveals that grain boundaries are 
preferred nucleation sites. In coarse-grained materials transition bands, shear bands 
and twin boundaries can be sites for nucleation I 6. These regions have high local 
misorientation, see section 2.2.5. 
2.5.2 Kinetics of Recrystallization 
The kinetics of recrystallization always shows a sigmoidal shape as can be seen in 
Figure 2-3. This may be described in terms of the nucleation and growth mechanisms 
and can be approximated by the JMAK model which is attributed to Kolmogorov, 
Johnson, Mehl and A vrami. The general form of the A vrami type equation is given in 
. 3~ 14 EquatIOn 2-7 . ~ -
Equation 2-7 
Where: X SRX = volume fraction of statically recrystallized grains 
B constant 
t time (s) 
k A vrarni or JMAK exponent 
Some of the basic assumptions made in this model are that the nucleation and growth 
rates are constant with time, the nucleation sites are random throughout the material 
and the grains grow in an isotropic fashion in three dimensions. There are various 
problems associated with these assumptions. The growth rate is not constant and is 
shown to decrease with time. Nucleation sites are situated at grain boundaries, shear 
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may force the grams to grow in one or two dimensions. All these factors would 






Figure 2·3: Characteristic form of recrystallization curve during isothermal annealing. 
2.5.3 Quantifying Recrystallization 
When recrystallization is an important factor, calculating the length of time a material 
takes to soften is an important issue in hot working Equation 2-7 is often modified for 
I 1 . . E . 2 815 . 39 ca cu atIOn purposes as seen m quatIOn -' . 
Equation 2-8 
Where to..) is the length of time taken for recrystallization to continue until half 
complete and in Equation 2-9 we see the factors it depends on: 




grain size (11m) before deformation 
strain rate (S·I) during deformation 
£ strain after deformation 
Q,,, activation energy of static recrystallization (J ,mor 1) 
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The other values not given above for Equation 2-9 are constants and are given for 
AISI304 in Table 2-3. 
Table 2-3: Constants for Equation 2·9 for AISI304, determined by various researchers. 
A 
wi 
Q srx Quef 
u v X k Ref 
(um-2 ) 
I 
(kJ.mor i ) (kJ.mor1) 
0 -2 2 I -0.375 362 393 1.66 32 
2x IO'IV -0.81 -1.6 1 
I 
0 197 380 1.02 35 
- 0 -2 2 I -0.375 63 1.3 40, 
41 
0 -4 2 ! -0.375 365 - 0.5 - 1.5 42, 
43 
3. 7x lO'jJ 0 * 2 I 
-0.38 425 410 2 44 
6.3x 10'~ -0.68 0 0 0 107 280 - 45 
i 
*The equation does not have a strain value in this format and the form of the equation 
is given in Equation 2_1044. 
Equation 2·10 
The peak strain (c p ) is the strain at which the peak stress occurs. Peak strain is 
associated with dynamic recrystallization (DRX) see section 2.5.6.1. Use of c p does 
not imply that DRX has occurred, DRX only occurs when the strain reaches 60% to 




From Table 2-3, there is a range of constants from literature. Note that only one of 
the exponents of Z or t will always be zero. The strain rate is already contained in the 
Z parameter so having both exponents non-zero would be redundant. In equations 
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which recrystallization is occurring are the same. These equations assume that 
recrystallization is independent of the activation energy of deformation. 
2.5.4 Factors Affecting Recrystallization Rates 
Various factors affect the rates of recrystallization. There are many important material 
and processing parameters that need to be taken into account when considering 
recrystallization. These are summarised in Equation 2-9 and Equation 2-10. 
2.5.4.1 Deformation 
The amount and type of deformation can affect the rate of recrystallization. This can 
be rationalised by noting that the amount of deformation changes the stored energy, 
which provides the driving force for recrystallization. The number of recrystallization 
nuclei also increase. A minimum amount of strain is required to initiate 
recrystallization. This is usually about 0.01 to 0.05 strain l5 . As the amount of strain 
increases the recrystallization rate increases until a maximum is reached at about 2 to 
4 strain. 
2.5.4.2 Grain Orientation 
In polycrystals, the rate of recrystallization also depends on the initial grain texture 
and the deformation texture. Different texture components will recrystallize at 
different rates which can lead to inhomogeneous recrystallization. The strain path 
history which is related to the initial texture affects the stored energy which may make 
seemingly identical texture components recrystallize differentlyl5. 
2.5.4.3 Grain Size 
A decrease in the initial grain size leads to increases in dislocation density at low 
strains (E < 0.5) which then increases the stored energy and increases the 
recrystallization rate. 
As grain size decreases the grain boundary area increases which increases the amount 
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Deformation texture will change as the initial grain size changes which will affect the 
recrystallization kinetics as detailed in section 2.5.4.2. 
2.5.4.4 Annealing Temperature 
Annealing temperature has a great influence on the rate of recrystallization since the 
process is thermally activated. Increasing the annealing temperature will increase the 
rate of recrystallization. 
2.5.4.5 Deformation Conditions 
Deformation at high temperatures and low strain rates reduces the stored energy from 
deformation. Recrystallization occurs less readily when having lower temperatures or 
higher strain rates. 
2.5.5 Microstructure after Recrystallization 
An effective way of quantifying the amount recrystallization is by quantitative 
metallography i.e. examining the microstructure. The various features will be 
discussed below. 
2.5.5.1 Grain Size 
The final grain size may be explained by the effects of the various conditions on the 
balance between nucleation and growth. Any parameter that increases the nucleation 
rate or the number of nuclei will reduce the size of the final grains. The effects of 
various factors can be summarised in Equation 2-12 40 and Equation 2-13 44. 




grain after recrystallization 
same form as Z parameter except activation energy is for 
Dynamic Recovery (354 kImor' for AISI304 stainless steel) 
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1.15 
Equation 2-13 
Where: B = constant (value is 125soillmo5 for AISI304 stainless steel) 
From the equation above it can be seen that an increase in strain or decrease in grain 
size would increase the nucleation rate. A finer grain size would then result. 
2.5.5.2 Grain Shape 
In most cases, the shape of recrystallized grams IS approximately equiaxed 
polyhedrons. Although occasionally in FCC metals grains orientated by 
approximately 40° about a <Ill> direction to the deformed matrix grow in an 
isotropic fashion into a pan cake shape. 
2.5.5.3 Annealing Twins 
In FCC materials of low or medium YSFE annealing twins may form during 
recrystallization. These twins are parallel sided lamellae and are shown in Figure 2-4. 




Figure 2-4: Morphologies of various annealing twin morphologies in FCC crystals. Twins are 
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The mechanism responsible for twin formation is not well understood. Two popular 
theories for their formation is growth faulting and boundary dissociation. Growth 
faulting is started (and ended) by a change in the stacking sequence. Boundary 
dissociation involves the dissociation of HAGB into twin boundaries and some other 
boundary. The energy is lowered in this process. 
The formation of twins is promoted by high to medium level of cold work followed 
by a short time, high temperature anneal. An example would be 70% cold work 
followed by a 60 second anneal at 1000°C47 , 48, A decrease in the stacking fault 
energy would also increase the proportion of twins. 
2.5.6 Dynamic Recrystallization 
Recrystallization that occurs during high temperature deformation is called Dynamic 
Recrystallization (DRX). It is an important phenomenon as it increases the ductility 
of the material and reduces the required working load49, 50. 
2.5.6.1 Onset of Dynamic Recrystallization 
When the flow stress is steady state, the energy due to work hardening equals the 
energy lost by recovery and the stored energy will be less than the critical amount 
needed for DRX. In this case DRX will not occur. However in materials where 
recovery is slow DRX occurs at a critical strain ( ) which is usually 60% to 80% of 
peak strain (Ep), at a range of temperatures above 0.6 TM 35. 
2.5.6.2 DRX Evolution 
In polycrystalline materials, DRX is preceded by fluctuation in the grain boundary 
shape. The grain boundaries form serrations and DRX nucleates at prior HAGB. The 
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(0) (b) (c) 
(cJ) (0) 
Figure 2-5: Microstructure development during DRX is illustrated. The evolution with a large 
initial grain size is shown from (a) - (d) and in (e) a small initial grain size is shownl5• 
In static recrystallization, there is limited nucleation early in the process and then 
continuous growth of these nucleated grains until there is impingement on other 
nucleating grains. Grain size increases as the volume fraction of recrystallized grains 
increases. In DRX, there is repeated nucleation and limited growth; deformation 
induces work hardening of the growing grains. As the strain increases, the driving 
force for grain growth decreases until it reaches a critical level and then ceases. The 
grain size is unaffected by impingement on other recrystallized grains. This can be 
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10L-____ -L ______ L-____ ~ ____ ~ ______ ~ 
o 0.1 0.2 0.3 O.L. 0.5 
True Stram, e: 
Figure 2-6: DRX grain size development as a function of strain in Nickel, deformed in tension at 
a strain rate of 0.003s·1 and temperature of 923K51• 
The grain size is mainly determined by the deformation conditions. It depends quite 
sensitively on strain and strain rate. The insensitivity to strain after steady state can be 




Where: <J" == steady state flow stress (MPa) 
D" grain size during steady state (J.lm) 
K positive constant 
n = exponent usually between I and O. 
If full DRX has occurred then the grains are generally equiaxed. Grain boundaries are 
curved and serrated. Twin boundaries can form which would be curved33, 54. 
2.5.6.3 Metadynamic Recrystallization 
If only partial DRX has occurred then the microstructure would be very 
heterogeneous. Three different regions can result: small. dislocation-free DRX grains; 
large DRX grains with moderate dislocation density; grains not recrystallized with 
high dislocation density. During post-deformation annealing each region would 
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metadynamic recrystallization (MRX). This MRX is a static event. It differs from 
conventional SRX in that it nucleates from the nuclei formed during DRX. The large 
DRX grains may exhibit metadynamic recovery or if the dislocation density is 
sufficiently high it may undergo SRX. The grains not recrystallized may undergo 
SRV followed by SRX. 
2.5.6.4 Flow Stress during Dynamic Processes 
The dynamic processes referred to are dynamic recovery (DRV) and dynamic 
recrystallization (DRX). 
b 












Figure 2-7: Illustration of the flow behaviour of austenitic stainless steels at high temperature45• 
The occurrence of DRV is often seen in flow stress curves as can be seen in Figure 
2-7 curve (a). Initially there is a rise in the flow stress or strain hardening where 
dislocations interact and multiply. As the dislocations increase it gets harder and 
harder for them to move across each and hence the flow stress increases. The material 
work or strain hardens. The driving force and therefore the rate of recovery increases 
until a dynamic equilibrium is achieved between the rate of recovery and work 
hardening and a steady-state flow occurs. During steady-state flow, the dislocations 
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structure within the deformed grains. The deformed grains are elongated and have a 
pancake structure. Even though the high angle grain boundaries change in response to 
the external shape, the geometry of the substructure remains unchanged. Subgrains are 
finer at higher strain rates and lower temperatures. 
If a critical strain (Be) is reached as in curve (b) and curve (c) in Figure 2-7 the stress 
can be seen to decrease after reaching a peak stress (ap)' This is attributed to DRX. 
The flow curves associated with DRX may be single peak as in curve (b) or mUltiple 
peaks as can be seen in curve (c i 6. As the Z parameter increases the flow behaviour 
changes from mUltiple to single peak. Then at large strains, steady state is reached 
where the creation and annihilation of dislocations is balanced. 
2.5.7 Grain Growth 
After classical or primary recrystallization, the structure is not stable. Further 
reductions in energy may occur by reducing the grain boundary area and its associated 
energy. 
Two types of grain growth exist: normal grain growth and abnormal grain growth or 
secondary recrystallization. During normal grain growth the grain size distribution is 
in a narrow range. During abnormal grain growth a few grains grow in preference to 
others. These grains consume smaller grains and normal grain occurs when these 
grains start to impinge on each other. 
Grain growth involves the migration of HAGB. The driving force for this is very 
small and significant grain growth is only likely to happen at high temperatures. The 
longer the annealing time the larger the grains grow which can be seen in Figure 2-8. 
Grain growth also results in softening of the material. This can be embodied by the 
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yield point stress (MPa) 
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Equation 2-15 
Figure 2-8: Grain size and room temperature hardness measurements as a function of annealing 
time at 700°C56 • 
Further evidence of the increase in strength with decreasing grain size can be seen in 
Figure 2-8. If the material has undergone SRX, further softening of the material is 










CHAPTER 3: EXPERIMENTAL METHODS 
3.1 Material 
The material used is AISI 304 stainless steel, which is the most commonly used 
stainless steel grade57 . It is an austenitic stainless steel with low stacking fault energy 
and its main restoration mechanism is recrystallization. 
3.1.1 Composition 
The general composition of AISI304 stainless steel as well as the specific material 
used in this project is given in the table below: 
Table 3-1 Composition of AISI304 stainless steel in weight percent. 
I Transfer Steckel Mill Bar Sample 
rnponent Minimum Maximum 
Carbon, C 0.08 0.041 0.045 
IChromium, Cr 18 20 18.12 18.15 
Iron, Fe 66 74 71 72 
r------
Manganese,Mn 2 1.5 1.35 
Nickel, Ni 8 10.5 8.08 8.11 
Phosphorous, P 0.045 0.02 0.028 
Sulphur, S 0.03 0.004 0.002 
Silicon, Si 1 0.39 0.53 
Molybdenum, Mo - ~ 0.074 0.1 
The compositions are not very different between the transfer bar and the Steckel mill 
samples. The minimum and maximum levels given are the American Iron and Steel 
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3.1.2 Mill Samples 
The samples were cut from the mill strip after the hot rolling process. These samples 
were then pulled onto the rolling table before being water sprayed on a down coiler. 
This water spray was to keep the coiler cool, not the strip. The parts were then cut 5 
days after being rolled. How long this material was cooling is not known and 
furthermore the drop in temperature with time is not known. Unlike with lab 
simulation no after deformation quenching occurred to "freeze" the deformed 
microstructure. 
The restoration state of these coils is not known after deformation. No quantitative 
statements can be made about the deformation of these coils from their analysis. What 
analysis can be done is comparative study of the variations in the strip in the normal 
direction (ND), in the transverse direction (TO) and between the middle section. the 
tail and head sections. These regions are shown as well as the rolling direction (RD) is 
presented in the figure below. 
Mid plane 
NDi ........ .A 
~ m 
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3.2 Axisymmetric Uniaxial Compression Testing 
Various laboratory simulation tests exist for determining the deformation properties of 
materials. These tests include rolling, torsion, tensile and compression testing. A 
review of work done previously on AISI304 stainless steel is given in the Table 3-2. 
To properly simulate the properties in hot rolling, tests have to be done at high 
temperatures and strain rates and only plastic deformation is considered. 
Table 3-2: Deformation Conditions for AISI304. 
Grain 
Test Type 
Deformation Pre-deformation Strain Sample 
Ref 
Size Temperatures Heat treatment Rates Size* 
11m °C 5.
1 mm 
Torsion 1100 1250 










1100 minutes 25.4L 






950, 1050, 1200"C for 30 I and 
7D,7L • 44 1150 minutes 0.047 
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Most testing done above was not performed at the parameters experienced in the 
Steckel mill rolling process. The tests that were performed at conditions close to the 
rolling process had different aims to the present study. Another factor that required 
more study was that although all these tests were performed on AISI304 stainless steel 
which has nominally the same composition, small compositional changes can give 
different results. 
Careful consideration of the various tests is required to decide on the most appropriate 
to simulate hot rolling. Tensile tests are easy to carry out and the specimen is only 
subjected to a uniaxial stress that is simple to analyse. Tensile tests do have critical 
drawbacks. They cannot be used to produce flow curves since the amount of 
deformation before failure depends on the work hardening index. If the work 
hardening index is zero, which can occur at elevated temperatures, necking and failure 
occur with yield and little or no plastic deformation is possible. Thus tests are limited 
by the plastic instability. 
Torsion tests do not have stability constraints but do have radial strain and strain rate 
gradients. These require the computation of surface equivalent stress and strain and 
tangential microstructural study. The practical maximum strain rate is IOs·1 which is 
insufficient to simulate some industrial rolling practices65 . 
The most suitable testing method is compression testing. The preferred method of 
performing these compression tests is on a Cam Plastometer. 
3.2.1 Cam Plastometer 
Testing was done on the MTL Cam Plastometer at the Materials Technology 
Laboratory, a Canadian government testing facility, in Ottawa, Canada. The Cam 
Plastometer is designed to simulate industrial simulation processes especially hot 
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(a) (b) 
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The deformation process is described with reference to Figure 3-3. The first step in 
the deformation process starts with the cam rotating. The cam follower is then shot 
across and when the cam lobe rotates pass the hit position, the lower bearing die is 
forced up compressing the sample which causes a gap in the load train. The cam 
follower is then retracted and the wedge moves across filling this gap preparing for 
the next hit. This process then repeats from the first step. 
The cam shape is specially designed so that the strain rate remains constant 
throughout the deformation of the material. The rotation speed of the cam governs the 
strain rate and strain rates of 300s·1 have been achieved. The height of the cam lobe 
and relative position of the table dictates the reduction of the specimen. In this case, 
the reduction achieved was approximately 4mm. For different specimen heights, the 
reduction varied less than 10% due to elastic spring back of the material after the load 
is removed. 
The heating is done through induction coils which heats a stainless steel susceptor that 
radiates heat to the dies. The dies are silicon nitride (SiN) which does not heat 
inductively. These allow temperatures of up to l300ae to be achieved. The specimen 
is surrounded by an insulating blanket of fibre frax. This reduces heat loss from the 
specimen and ensures a more homogeneous temperature distribution across the 
specimen. The quenching was done manually. The operator manually pulled the 
specimen out by the thermocouple and submerged it in water. The delay time before 
quenching is estimated to be less than a second. The thermal mass of the specimen is 
quite small and consquently the time taken to reach the room temperature from the 
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3.2.2 Specimen Preparation 
NDtc:. 
TO 
Figure 3-4: Schematic of cylindrical test specimen showing the compression axis direction (CD). 
Cylindrical test specimens were cut from the transfer billet supplied by Columbus 
Stainless as indicated above. The specimens were heat treated at 1050°C for 30 
minutes. At this temperature, all the carbide precipitates would also dissolve (see 
Figure 2-1). The heat treatment was done to homogenise the sample before testing, to 
ensure that all the tested samples were in the same condition prior to testing. The 
sample hardness is 162HV and the grain size is 35JlID. Oil quenching was done to 
avoid carbide precipitation as can be seen from section 2.1.4.2. No martensite 
formation is possible by quenching since the Ms is -160°C, using Equation 2-2 and 







Figure 3-5: Dimensions of single hit test specimens before and after testing: (a) and (c) ~ the 
starting sample for 0.2 and 0.3 strain respectively; (b) and (d) is the deformed specimen for 0.2 
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The specimen dimensions are given in Figure 3-5. The double hit specimens start 
dimensions are the same as Figure 3-5(a) and the final size diameter and height is 
16mm and 13mm respectively. 
Holes were drilled half height into each specimen for the thermocouple placement. 
The thermocouple was K-type, (Chromel-Alumel) sheathed in stainless steel. The 
thermocouple is welded into place and is sacrificed on every hit. 
To prevent barrelling, lubricant is used between the deformation platens and the 
specimen. The lubricant used is a boron nitride powder. It is applied in an ethanol 
solution to ensure adherence to the specimen. The ethanol then evaporates off leaving 
the boron nitride. Grooves are machined into the specimen to keep the lubricant from 
escaping. 
3.2.3 Barrelling 
One of the biggest problems in direct compression is due to frictional effects between 
the specimen and the loading surface. The friction restricts the ends of the specimen 
from expanding in a radial direction. As a result cone shaped zones of relatively 
undeformed metal occurs at the ends67 . These undeformed zones are known as dead 










Figure 3-6: Uniaxial compression illustrating barrelling. 
The barrelling coefficient B can be used to verify the validity of the compression test 
and whether or not friction compensation has to be applied. The barrelling coefficient 
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2 
B Equation 3-1 
Where: Ii = initial height (mm) 
I" deformed height (mm) 
initial diameter (mm) 
do deformed diameter (mm) 
In Evan's work68 , the maximum deformed diameter is used and in the Gleeble notes69, 
an average of four diameter readings is taken. In the first case, the barrelling 
coefficient will always be greater than or equal to 1 whereas in the second case the 
barrelling coefficient could be less than 1. 
According to the Gleeble Notes the need to correct for flow stress is only required 
when the barrelling coefficient is lower than 0.9. The barrelling coefficients were 
calculated and were all greater than 0.9. 
If the barrelling coefficient is greater than 0.9, the strain distribution would be 
inhomogeneous in the specimen, with lower strains at the interfaces and the highest 
strain at the centre. The actual flow stress would be higher7o. 
3.2.4 Deformation Conditions 
The deformation conditions were based on processing parameters in the Steckel mill. 
Further considerations were limitation imposed by the Cam Plastometer. The 
deformation parameters are given below. 
Table 3-3: Strain Rate Range 
Temperature (0C) Strain Rates (s ) 











Table 3-4: Temperature and Strain Range 
Temperatures (DC) Strain Strain Rate (S-l) 
900, 950, 1000, 1050 0.30 60 
850,900 0.20 20 
All conditions listed in the above table are based on the Steckel mill logs. 
The test conditions (for single stage) 
1. Heat up to deformation temperature and hold for one minute. 
2. Deformation event. 
3. Immediate quench to room temperature. 
Table 3-5: Double hit strain rate and temperature range 
Temperatures (DC) Strain Strain Rate (s-J) 
800,850,900,950,1000,1050 0.20 + 0.25 60 
The test conditions (for double stage) 
I. Heat up to deformation temperature and hold for one minute. 
2. First deformation event. 
3. Hold for 60s. 
4. Second deformation event. 
5. Immediate quench to room temperature. 
3.3 Characterisation of Post-Deformation Softening 
38 
Post deformation softening can be used to calculate the fraction recrystallized. 
Softening may be due to recovery or recrystallization. The contribution of these 
effects will be established below. 
3.3.1 Restoration of Yield 
The restoration of yield may be used to determine the interpass softening. The 
difference in yield stress between the first and second hit may be used to calculate the 














cr f cr yl 
flow stress after the first pass (MPa) 
yield stress of the second hit (MPa) 
original yield stress during first compression. (MPa) 
39 
Equation 3-2 
The restoration of flow stress includes the restoration effects like static recovery. 
3.3.2 Restoration of Hardness 
Isothermal heat treatments were performed in a salt bath to ensure temperature 
homogeneity of the specimens and to ensure that the specimens reached the required 
temperature in the shortest possible time. Immediately following the heat treatment 
the samples were oil quenched to "lock in" the heat treated microstructure and to 
prevent carbide precipitation. 
The fraction softened (X h ) for AISI304 stainless steel is defined as follows
43
, 44, 62: 
Equation 3-3 
Where: h = instantaneous measured hardness (HV) 
= initial hardness (HV) 
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Region I Region 2 
Time 
Figure 3-7: Determination of hr adapted from Sheen62• 
Typical hardness curve is given in Figure 3-7. Region I represents the area where 
recrystallization is the only measurable phenomenon and Region 2 the area where 
other phenomena dominate like grain growth. Grain growth occurs during Region I 
but its effects can only be seen in Region 2. A change in the rate of change of 
hardness is observed between the two regions. The h f value is determined from the 
transition point between the two regions. A point of inflexion occurs and the hardness 
levels off. 
The literature differs on the relationship between X,rx and X h for AISI304 stainless 
steel. These relationships are to compensate for any recovery. Barraclough44 proposes 
the relationship given in Figure 3-8. Zhang43 utilises a 5% recrystallized state as hi 
and establishes hi by metallography. Sheen determined that the X h equals the X", 
within experimental error and establishes this relation by using electron backscatter 
diffraction. Sheen's work was performed on AISI304 stainless steel that is from the 
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Figure 3-8: Relation of restoration of hardness (Rh) to fraction recrystallized (Xv) for AISI304 
stainless steel44• 
The total en-or w R associated with X", was calculated using the following formula72 : 
Where: Xi = 
R = 
independent variables 
function of the variables 
Equation 3·4 
error associated with each variable. The en-or in this case was 
assumed to be the standard deviation of the hardness indents. 
Evaluating Equation 3-4 with respect to Equation 3-3, we get: 
Where: w = 
WI' = 
Equation 3-5 
standard deviation of instantaneous measured hardness (HV) 
standard deviation of initial hardness (HV) 
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3.3.3 Determination of Time to 50% recrystallization 
Rearranging Equation 2-8 in section 2.5.3 into a straight line equation form of 
y = mx + c , the A vrami Constant(k) can be calculated62 : 
In(ln[ 1.]) In(ln2)-kln(tos)+kln(t) 
1 X"x 
Equation 3-6 
Where: y = lnHI ~J 
x = In(t) 
c In(ln 2) k In(toJ 
m k 
Assuming the following constants for Equation 2-9, which are the most popular of the 
equations in the literature: 
I ( ) - Qsrx -O.37S(Qder)(lOOO) I (A -2D 2 .-0.375) ~ n to.5 - R l T + n C oC 
where: y 
m = 
In(t 05 ) 




x = ( 
1 ~O ), T is both the annealing and deformation temperature 
c = In (Ac-2D;,t-O 375 ) 
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3.4 Mill Log Calculations 
Industrial mill logs contain information like temperatures, loads and various 
dimensions of the strip being worked. They are invaluable in predicting the 
microstructural evolution of the strip through the rolling process and the end 
properties. 
3.4.1 Mean Flow Stress 
Mean now Stress (MFS) can be defined mathematically by integrating under the 
stress strain curve38 ; 
Equation 3-9 
Analysis of the MFS curves versus the inverse absolute temperature allows the 
various metallurgical phenomena that occur during hot deformation to be identified 
and provides insight into how the microstructure is evolving. It also demonstrates the 
dependence of hot strength on temperature73 . This lays the foundation to connect mill 
operation variables to an online determination of microstructure evolution and 
prediction of the properties and shape. This analysis is illustrated in Figure 3-9 by the 























Figure 3-9: MFS plotted against inverse absolute temperature. Changes in slope are indicative of 
changes in microstructure74• 
The passes begin from the left hand side. The shallower slope indicates that static 
recrystallization (SRX) has occurred on the interpass between pass I and 2. The 
temperature is too low after pass 2 and the steeper slope shows strain accumulation. 
This strain accumulation leads to dynamic recrystallization (DRX), then metadynamic 
recrystallization (SRX) between pass 3 and 4. 
3.4.1.1 Calculating Mean Flow Stress 
Since the process conditions vary through the thickness of the metal strip, the flow 
stress would vary through the thickness of the strip. The mean flow stress is just an 










E,xperimental Methods 45 
Calculating MFS and various other parameters is quite dependent on the assumptions 
made which shall be discussed below. 
Figure 3·10: Rolling nomenclature, the normal direction (ND) and is the rolling direction (RD) 
are indicated. 
The equation for calculating the mean t10w stress (cr) was first given below75,76: 









cr = '2 wQJR'(L1h) 
width of strip (mm) 
t1attened work roll radius (mm) 
draft::= hi ho (mm) 
input gauge or thickness (mm) 
output gauge or thickness (mm) 
roll force (N) 
Equation 3·10 
geometric factor in t10w stress calculations (dimensionless) 
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The various assumptions made in deriving Equation 3-10 are given below: 
3.4.1.2 Stress and Plasticity Assumptions 
The strip material is assumed to be plastic rigid. This means the Young's Modulus is 
considered infinite and any elastic behaviour of the strip is ignored. 
The deformation of the sheet is in plane strain. This means that the strain in the sheet 
is inhibited laterally or in other words in the direction parallel to the roll axis. This 
assumption is appropriate in cases where the width to thickness ratio is greater than 
10: I. The stress in plane strain compression or the constrained yield stress is not equal 
to the flow stress. Using the Huber-Mises Theory for plastic yielding the relationship 
between the two variables is77 : 
cr 
Equation 3-12 
Where: k = constrained yield stress or stress in plane strain compression (MPa) 
3.4.1.3 Friction 
There are two types of friction encountered in rolling namely sticking friction (static) 
and slipping friction (dynamic). With the static friction condition, the contact area of 
the strip moves at the same rate as the work rolls. Slipping friction allows different 
regions of the contact area to move at different rates. In this case only one region of 
the roll moves at the same speed as the work roll, which is at the neutral plane 
(thickness of plate in neutral plane equals h n)' By considering mass flow equations, it 
can be seen that the strip moving out of the roll moves quicker than the strip moving 
in. 
In actual rolling the friction is a combination of slipping and sticking, with sticking 
around the neutral plane area and slipping on the edges of the contact area. 
Furthermore, in cold rolling more slipping friction is seen with the effective lubricants 
used. In hot rolling often, welding of the strip to the rolls can occur and in view of the 
uncertainty and for simplification, sticking friction with a constant friction coefficient 
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3.4.1.4 Hitchcock Equation for Flattened Work Roll Radius 
The radial stress exerted between the work rolls and the strip surface results in elastic 
deformation of the work rolls. This deformation is termed roll flattening. To 
compensate for roll flattening, Sims proposed that the radius of curvature remains 
constant over the contact area. The new radius is then calculated using Hitchcock's 
formula as follows78 80. 
Where:R = 
C = 
Where: v = 
E 
R' = Rl(l+ PC ) 
w~h 
nominal radius of work rolls (mm) 






Poisson's ratio for outer shell of work roll material (0.3) 
Young's modulus for outer shell of work roll material (l80GPa) 
The work rolls experience thermal fatigue due to frequent thermal shocks. This results 
in thermal fatigue cracks on the work roll surface. The work rolls are then dressed by 
skimming and grinding to remove the cracks. This dressing reduces the work roll 
radius. In the present study, the Steckel mill diameter is 750mm when new and 
690mm before the outer shell is replaced. 
3.4.2 Temperature 
The temperature is one of the most important factors in deciding the recrystallization 
behaviour and therefore the end properties. Therefore it is worthwhile analysing the 
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4 5 
Figure 3-11: Each point represents an average of 5 roll schedules. In (a) the temperature 
represents tbe temperature at tbe middle section of the strip and (b) tbe lowest temperatures 
recorded. The miU data is given in Appendix A. 
Temperature at each pass taken of the surlace of the strip 3.5m before work roll for 
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10 11 12 13 14 
Figure 3-12: Temperatures at various points on the mill strip per pass is given. Detailed data for 
one heat given. The odd passes are plotted in (a) where the head section (reference point 1) is 
leading and the even passes in (b) where the tail section (reference point 14) is leading. Data Is 
given in Appendix A. 
From Figure 3-11 (a), temperature rises from pass 1 to pass 3. In those passes, the exit 
temperature is higher than the entry temperature. Both these effects can be attributed 
to the adiabatic heating from deformation. Approximately 99% of the energy from 
deformation is given off as an increase in temperature, the rest is stored energy. 
The temperatures decrease from passes 3 to 5 in Figure 3-11 (a) where it can be seen 
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the air, dominates the over the adiabatic heating effect. In Figure 3-11 (b), the 
minimum temperature decrease continuously. 
In Figure 3-12 , the temperature is plotted along each 1h4th of the strip. These 
temperatures are lower than those in Figure 3-11. The temperature of the transfer 
billet from the rougher mill is higher in the latter case. The reference point I is the 
head section and reference point 14 is the tail section. As the rolling proceeds, these 
points will get further and further apart with the increasing length of the strip. The 
temperature distribution is roughly maintained through the passes with the bulk being 
warmer than the ends and the tail section being colder than the head section. The tail 
section is colder than the head section because the cold part of the head section was 
cropped after the roughing process. This shows the thermal retention of the strip in the 
early passes. The head section does eventually become colder than the tail section in 
the last pass. The leading end of the strip protrudes from the hot coil furnace and on 
the last pass it is the head end. This is when the gauge thickness is at its lowest, the 
thermal retention is at its lowest and the head end experiences the lowest temperature. 
The inverse temperature versus mean flow stress was plotted for the ends and the 
middle section. The temperatures used for the middle section was plotted using an 
average of the middle section exit and entry temperatures and the temperatures for the 
ends were plotted using the minimum temperatures. 
3.4.3 Strain 
The effective nominal strain is calculated according to the following formula76, 81: 
Equation 3-15 
An additional strain amount occurs due to the finite length of the working zone and 
the work required "folding" and "unfolding" the material as it leaves the deformation 
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Equation 3-16 
The total strain (Ci) for the ilh pass is then 
Equation 3-17 
During rolling the strain accumulates depending on the amount of recrystallization 
that has taken place. If the material fully recrystallizes, no strain will accumulate. To 
accommodate this we calculate the accumulated effective strain (ca ) in the jlh pass 
and the following equation is used23 : 
Equation 3-18 
Where: t a __ l = Accumulated strain in pass i-I 
Fraction recrystallized in pass i-I 
3.4.4 Strain Itate 
The two different conditions of friction should be considered when determining the 
strain rate in the roll gap, whether the condition for friction is static or dynamic. As 
was mentioned in section 3.4.1.3, the condition of static friction was assumed, so the 
work rolls move at the same speed as the strip in the area of contact. The average 
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a. contact angle (radians) or angle of bite = cos -1 (1- ~:) 
Referring to section 2.1.5.1 on the Steckel mill the strip is threaded into the work rolls 
at a slower speed and then accelerates to roll speed, after which it decelerates again. 
The inlet roll speed was ascribed to the ends and the roll speed to the middle section. 
3.4.5 Interpass Time 
The restoration time of various parts of the mill strip is important in considering the 
metallurgical evolution of the mill strip. The interpass time represents the restoration 
time between deformation events in consecutive passes. 
The roll time is given on the mill logs and represents the physical roll time of the 
whole strip. The material spends about 5 to 7 seconds between the actual passes. This 
time is not included in physical roll time. During this time the roll gap is adjusted in 
preparation for the next pass. 
The middle section interpass time is then calculated by taking an average of 
consecutive roll times and adding 6 seconds for the roll gap adjustment. The idea is 
illustrated in Figure 3-13. This time would only represent the central line of the 
middle section with material entering the roll gap before this region having a shorter 
interpass time and the material leaving the roll gap after this region section having a 
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The head and tail interpass time are calculated by the addition of consecutive physical 
roll times and adding 6 seconds. This is shown schematically in Figure 3-14. 
Pass 112 Pass 2/3 Pass 3/4 Pass 4/5 
Tail Tail Tail Tail 
Pass I 
Interpass Interpass Interpass Interpass 
Strip 
Time Time Time Time 
Direction 1 I ( ) I I ( ) )-
I I J I 
Pass 112 Head Pass 2/3 Pass 3/4 Head Pass 4/5 
Interpass Time Head Interpass Time Head 
Interpass Interpass 
Time Time 
Figure 3-14: Calculating the end interpass times. 
3.4.6 Calculating the Grain Size 
The time to 50% recrystallization (to.5) is very dependant on the grain size as was 
explained in section 2.5.4.3. The finer the grain size the more sites there are for 
recrystallization therefore the shorter the to.5. Of the two equations presented, 
Equation 2_1240 is used since the tp value in Equation 2-13 is not known. Equation 
2-12 is presented again below but relabeled for use in mill log calculations. 
Where: D j = 
Equation 3-21 
recrystallized grain size after i!h pass 
Dynamic Recovery, Z parameter in ith pass (352 kJ.morJ for 
AISI304 stainless steel) 
accumulated strain in the i!h pass 
A' constant (value is 71.4s01 !lm05 for AISI304 stainless steel) 
Note that there is no time associated with this equation. The grain size is calculated 
after recrystallization is complete and does not take grain growth effects into 
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billet using the method which is described in section 3.5.2. For verification the final 
grain size is calculated and compared with the results from this analysis 
3.4.7 Steady State Stress 
The steady state stress is a way of combining strain rate, temperature and material 
properties as a single quantity. It has a drawback of being independent of strain but is 
still a useful parameter. 
The steady state stress is calculated from the universal hot working equation 
(Equation 2-6). The equation constants are from Smal and Stumpf24 and are given in 
Table 2-2. These values are used because the material originates from the same source 
as the present study and would have a similar composition. The equation with 
constants would be: 
. (434000) Eexp ---
RTdcf 
5 x 1 0~15 (sinh 0.0 12cr )47 
Equation 3-22 
3.4.8 Finite Element Analysis of through thickness deformation conditions 
In a parallel study done by Floweday83, a finite element model was done to evaluate 
the through-thickness variations in the strip, to show if the through thickness variation 
is significant. The data outputs from Floweday's are analysed in the present study. A 
2-d model was done with nine elements through thickness. As can be seen in Figure 
3-15, elements are labelled 60 at the mid plane and 1020 at the surface of the strip. 
The strain, temperature and strain rate history of these elements as they move between 
the roll gap are presented. The data presented here is of the first pass outputs. The mill 
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Blements used in 
History Data output L 
s •• p: " ~.p-' r< rL,. 
(1 .... . erit.. ; 75.) 
+1.000.+03 
ND !1 : :g~:t8f t9.B'33.HlZ 
· t9.80o.+ 02 
· +9.76" +02 
"' . 733et02 
+9 .700.+02 
.',66'h+02 
· ~: igt!8~ 
RD :::~~~tg~ 
"' . &:00.+02 
+8 . '62.+02 
Figure 3-15: Graphical rmite element output, showing the temperature prorde&3. The rolling 
direction (RD) and the norma) direction (ND) are indicated. 
The elements are relabelled for clarity. 
Table 3-6: New element labelling. 
60 180 300 420 540 660 780 900 1020 
Ml M2 M3 M4 M5 M6 M7 M8 M9 
MI would be the mid plane element and M9 would be the surface element 
3.4.8.1 Assumptions 
: :. 
The material was assumed to be fully annealed after each pass. This means the strain 
is reset to zero after each pass. Compression is assumed to be plane strain, so the 
strains normal to the page are zero. These strains are for the rolling direction and are 
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3.5 Microstructural Analysis 
The specimen preparation procedure is very important for the microstructural 
analysis. The way the material is cut, polished and grinded are all important 
considerations. 
The specimens were polished with a modified Struers TM Method C polishing method. 
The forces associated with method C were found to cause martensite formation which 
would mask the microstructure. The specimens were then electropolished for electron 
backscatter diffraction. 
3.5.1 Microscopy 
The samples were hot mounted in a clear acrylic resin. Two different etchants were 
used to reveal different microstructures. A general etchant which revealed annealing 
twins was oxalic acid 109 and 100 ml water at IOV for approximately 25s to 60s. The 
condition of the material dictated the etching conditions. An etchant of 60% nitric 
acid and 40% water was used to reveal grain boundaries and grain shape84 . The 
voltage was set at 1.6V and the current was approximately IOmA.cmo2• 
3.5.2 Grain Size Calculation85 
The grain size was calculated using the Heyn Intercept method. Lines are 
superimposed on the micrograph in the form of a grid. The magnification was 50 
times. The line intercepts with boundaries are counted. Twin boundary interceptions 
are ignored. Where the lines intersect triple points or are tangential to boundaries the 
interceptions are counted as 1.5 and 0.5 intercepts respectively. To ensure the results 
are statistically meaningful at least 50 intercepts are required per field of view. The 
mean intercept length which represents the grain size is given below 
P 
Equation 3-23 
Where:P = number of interceptions with the grain boundaries 
LT Total length of line (Jlm) 
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To obtain the aspect ratio, the mean length intercept is calculated for parallel lines and 
perpendicular lines separately and a ratio obtained between the two. 
The error associated with grain size is calculated by taking an average of 10 fields of 
view of the same sample and calculating the standard deviation. The standard 
deviation was calculated to be 1.0HV 
3.5.3 Hardness Testing 
Mechanically polished specimens were used for microstructural analysis. All hardness 
tests were done on the Highwood Digital Micro hardness tester, model HWDM-3. 
The load was decided by a few factors. The hardness was done in Vickers that 
requires making a square indent and measuring the diagonals. The formula for 





Load in g F in this case 2000g 
Length of the diagonal (~m) 
Equation 3-24 
The spacing between the indents has to be conservatively greater than three diagonals. 
This was done to ensure that the strain field caused by an indent does not interfere 
with the next indent made. The indent has to be at least three diagonals from an edge. 
The size of the indents has to be greater than the grain size. If this was not done then 
the indent inside a grain would be bigger than an indent on a grain boundary. The 
grain size in this case was approximately 30~. The accuracy of the hardness indent 
is suggested, from literature, to be 1.5~m under good optical conditions.s7 Making the 
indent bigger reduces the percentage error. With the diagonal being 120~m, this gives 
an error of less than I %. For the compression test samples, 9 indents represented one 
data point and for the plate samples, 3 indents all the same distance from the edge, 
represented one data point. 
3.5.3.1 Sampling procedure 
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Head End 
TD 
Figure 3-16: lJIustration of sampling for metallographic examination on mill strip. 
Three samples (shown as box outlines above) are taken from each section, the middle, 
head and tail section. 
In order to maintain consistent results for each sample, hardness testing was done on a 
3 by 3 grid. Indentations were made on the specimen in the centre of the specimen for 
the compression samples and starting 0.5mm from the edge for the plate samples. The 
sampling distance is Imm between indents and therefore a 2mm square grid of 9 
indents would result. For the compression test samples 9 indents represented one data 
point and for the plate samples 3 indents, all the same distance from the edge, 
represented one data point. 
3.5.4 Electron Backscatter Diffraction 
Electron backscatter diffraction (EBSD) is a technique that allows crystal orientation 
relationships or texture relationships to be obtained from the Scanning electron 
microscope (SEM). The SEM is a Cambridge Stereoscan 200. The CCD camera is 
combined with phosphor screen in one unit the HKL detector. The system setup is 
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ceD 
PC 
Figure 3-17: Scbematic of SEM and EBSD setup. 
3.5.4.1 Sample Preparation 
The sample preparation for the SEM is similar to that for the optical microscopy. The 
difference lies in the fact that the diamond polishing stage introduces a deformed 
layer. The electrons only penetrate less than l00nm into the specimen surface. This 
deformed layer reduces the EBSD pattern quality. The sample is mechanically 
polisbed with the Struers Method "C" technique as described previously, but the 
polishing with colloidal silica continues for 20 minutes opposed to 2 minutes. This is 
done to remove as much of the deformed layer as possible. Then more of the 
deformed layer is removed by electropolishing in 133rnI Acetic Acid, 7rn1 Water and 
25g Chromic Trioxide. Continuous stirring of the solution is required to promote even 
attack. Stirring also prevents bubbles from forming which may cause relief or 
piuing88. The voltage is lOV and the time is 30s. The sample is then carefully broken 
out of its mounting which is non-conductive and mounted using conductive carbon 
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3.5.4.2 Operating Parameters 
The accelerating voltage controls the pattern brightness. A higher accelerating voltage 
gives a brighter diffraction pattern. The electrons penetrate further and this minimises 
the effects of surface contamination and surface deformation. However, a lower 
accelerating voltage increases the spatial resolution. An ideal compromise is 25kV. 
The working distance is chosen so that the electrons are backscattered towards the 
phosphor screen. Another practical consideration is the distances inside the chamber. 
If the working distance is too small the sample might collide with the pole piece. The 
working distance used was 20mm. 
CD(RD) 




Figure 3-18: Orientation for specimens relative to chamber direction. Green text is the mill 
samples directions and red is the compression sample directions and blue is the SEM chamber 
direction. 
As the specimen tilt angle of the specimen increases the path length of the 
backscattered electrons increases which leads to better pattern contrast. Very high 
angles cause excessive anisotropy and image distortion. A good tilt angle is 70° to the 
horizontal. This angle can be seen in Figure 3-18. 
3.5.4.3 Grain Maps 
An automated beam scan was done of the specimen surface which results in a grain 
map. The beam spacing was IJ.Ull and the map size is 200j.UIl by 200j.UIl for the 
compressed samples and 100j.UIl by 100J.Ull for the mill samples. Three maps were 
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3.5.4.4 Non Indexed Points 
When the pattern quality is too poor to be analysed at a point a non-indexed point may 
occur. These non-indexed points may be due to artefacts in the microstructure such as 
inclusions or pits. Another source of non-indexing is where patterns overlap from 
grains, subgrains, phase boundaries or strongly dislocated structures. If the non-
indexing fraction is too large then it may be difficult to glean microstructural 
information from the sample. If there are a small number of non indexed points then 
they may be systematically removed by making them the same as their neighbouring 
pixels. This scenario is shown below: 
Non-indexed Pixe1-----
Figure 3-19: Indexing showing five neighbours to index a previously un-indexed pixel. 
In VMAra a level 3 cleaning routine is used which is equivalent to using five 
neighbours to index a pixel. 
3.5.4.5 Calculating the RecrystaUization Fraction 
VMAP software was used to calculate the recrystallization fraction. The fraction is 
calcuJated based on the folJowing defmition of a recrystallized RX grain89: 
1. Area which is bounded by a certain fraction of HAGB between 1 and 0 
2. Area where pattern quality is some fraction greater than the mean 
3. Area that is Jarger than some multiple of the cells or subgrains 
Definition 1 and 3 would depend on the definition of the misorientation angle for a 
LAGB and a HAGB respectively . 
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To make a decision on these parameters a sample that was annealed to full 
recrystallization was tested and the parameters were chosen to ensure that the fraction 
recrystallized was close to unity. 
The following decisions were then made with respect to the recrystallized grain for 
the AIS1304 stainless steel studied: 
1. Bounded by 0.4 HAGB. 
2. Pattern quality is 0.7 times greater than the mean. 
3. Size is 2 times greater than the subgrain size. 











CHAPTER 4: RESULTS 
4.1 Finite Element Analysis of Through Thickness 
Deformation Conditions 
The results of the finite element study of the mill strip are presented below. The 
significance of the through thickness variations are evaluated. These variations are in 
the process parameters: strain. strain rate and temperature (interpass and deformation). 
4.1.1 Strain 
The assumptions used in developing the Finite Element Model (FEM) presented are 
detailed in section 3.4.8.1. The strain in the transverse direction is assumed to be zero. 
The rolling direction strain per pass can be seen in the table below. Ml is an element 
in the mid plane and M9 is an element on the surface. 
Table 4-1: Strains per pass in rolling direction through thickness. 
Pass 
Number M1 M2 M3 M4 M5 M6 M7 M8 M9 
0.32 0.32 0.32 0.32 0.32 0.32 0.33 
2 0.31 0.31 0.31 0.31 0.31 0.31 0.32 
3 0.31 0.31 0.30 0.31 
4 0.24 0.24 0.24 0.24 
5 0.17 0.17 0.17 0.17 0.17 0.18 0.18 0.18 0.18 
From the Table 4-1 it can be seen that the strains do not differ significantly from the 
mid plane to the surface. There is a slight decrease of no more than 5%, from the 
surface to the mid plane of the mill strip. 
The green highlighted elements in Table 4-1 are presented in Figure 4-1 and Figure 
4-2. The figures represent the changes in the rolling direction strain with time. 
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Figure 4-1: The rolling direction strain at the mid plane and as it moves through the roll gap 
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Figure 4-2: Same presentation as Figure 4-1 but at the surface of the strip for the first pass. 
From the two figures above the straining can be seen to have occurred over a longer 
time at the surface than at the mid plane. 
4.1.2 Strain Rate 
Strain rates were calculated as the slope of the straight line through the strain over the 











Table 4-2: Strain rate(s·') per pass for each through thickness element. 
Pass 
Number M1 M2 M3 M4 M5 M6 M7 M8 M9 
1 28 28 28 28 29 29 28 28 24 
2 35 35 34 33 33 32 30 28 28 
3 72 74 74 77 80 81 81 80 55 
4 103 103 101 99 97 95 91 86 79 
5 60 60 59 58 57 56 54 51 46 
As can be seen in Table 4-2, the strain rates are a little lower at the surface even 
though the strains are slightly higher. This is due to deformation occurring over a 
longer period at the surface. The strain rates are not significantly different from the 
mid plane to the surface. The changes in the strain rate from pass to pass are due to 
changes in the roll speed. 
4.1.3 Temperature 
The FEM output of the temperature during the fust roll pass is presented below. In the 
model the temperature proftle of the strip is made homogenous after each pass. As in 
section 4.1.1 the temperature change per unit time will be shown for the surface and 
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Figure 44: Temperature through the ro/J gap at the surface of the strip in the first pass. 
The temperature increases at the surface and mid plane are due to deformation by the 
work ro]Js (adiabatic heating). A decrease in temperature is observed at the surface as 
shown in Figure 4-4. This is due to heat conduction to the work ro]Js. The steady state 
increase is due to heat conducted from mid plane to the surface to equalise the 
temperatures. The average deformation temperature over the deformation period is 
presented in Table 4-3, below: 
Table 4-3: Average deformation temperatures ("C). 
Pass 
Number M1 M2 M3 M4 M5 M6 M7 Me M9 
1 986 986 985 984 983 982 979 976 953 
2 980 980 980 980 980 980 979 977 936 
3 990 990 990 990 990 989 989 986 951 
4 982 982 982 982 982 982 982 981 963 
5 925 924 924 924 924 924 923 922 911 
The gradual decrease in temperature is observed with pass step is due to the increase 
in surface area per unit volume of the milJ strip. Therefore the increased contact with 
the colder air allows more heat conduction. The surface element M9 is also the coldest 











The interpass temperatures experienced after the actual deformation event are shown 
below in Table 4-4. These interpass temperatures are average temperatures after the 
deformation events until the temperature is reset 
Table 4-4: Average interpass temperatures eC). 
Pass 
Number M1 M2 M3 M4 M5 M6 M7 M8 M9 
1 978 978 978 978 978 977 977 976 976 
2 950 950 950 950 950 950 949 949 949 
3 981 981 981 981 981 981 981 981 981 
4 977 977 977 977 976 976 976 976 976 
5 922 922 921 921 920 920 919 918 916 
The interpass temperatures are generally lower than the deformation temperatures. 
The drop from M9 to M8 in the deformation temperatures is not seen in the annealing 
temperatures. 
4.2 Mill Sample Microstructural Analysis 
Mill samples were cut from various areas of the mill strip and analysed for variations 
in the normal and transverse direction, as well as variations between the head, tail and 
middle section. The through thickness variations examined in this section will serve as 
a validation of the finite element results in the previous section. 
These samples were not quenched as would happen in a controlled laboratory 
experiment. The samples were air cooled for an unknown time after the last pass and 
various restoration events could have occurred over this period. The mill logs 
describing the deformation conditions are given in Appendix A. 
The montage of micrographs of the tail section from the surface to mid plane is shown 
in Figure 4-5 to illustrate microstructural variations through thickness. Areas on the 
surface and the mid plane were magnified further to clarify the microstructure. The 












(a) Microstructure at the surface of the strip. Grains 
flattened in the rolling direction. Grains boundaries 
are clearly delineated. 
(b) Flattened grain morphology from the mid plane 
of the strip. Ferrite stringers are more prominent 
with the grain boundaries being poorly defined. 
Figure 4-5: Montage of micrographs showing variation in microstructure in the tail section of the 
strip. Sections are magnified for clarity from the surface (top) and the mid plane (bottom). Only 











The grains in the surface and the mid plane have roughly the same flattened grain 
morphology. The grains are less distinctive in the mid plane than at the surface. There 
is a complete absence of annealing twins, even though oxalic acid etchant is used 
which preferentially attacks these twins. 
The hardness results are presented for the head and tail section of the sample in Figure 
4-6. The variations in hardness in the rolling direction as well as the transverse 
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Figure 4-6: Hardness variation at the end sections of the strip, showing head section in (a) and 
tail section in (b). Each bar represents an average of three readings.. The legend indicates the 
distance in the Donnal direction from the surface. The standard deviation indicated is 4 HV and 











Hardness variations are seen in all directions. Note that the hardness axis range is 
larger in (b) than in (a). The tail section can be seen to be harder than the head section. 
In both samples the hardness is greatest on the edge surface and lowest in the centre 
of the mid plane. The three dimensional setup of the graph accentuates and highlights 
any differences between the hardness measurements. The change is roughly a 10% 
change from the smallest to the highest reading in the head and tail section. 
The next series of micrographs shows the middle section which can be compared to 












(a) Equiaxed grain morphology from the surface of 
the sbip. Annealing twins and straight angle grain 
boundaries are seen. 
71 
sbip. Ferrite stringers are more prominent with the 
grain boundaries being poorly defined. 











A contrast is seen between the tajl section and the midd1e section. The middJe section 
has equiaxed grains in contrast to the pancake shaped grains of the tail section. A 
similarity between the sections is the poor grain defInition in the mid plane of the 















Figure 4-8: Material from tbe middle section or tbe strip. Same presentation as Figure 4-6. 
To summarise Figure 4-6 and Figure 4-8 the average hardness in each section is given 
in Table 4-5, below. 
Table 4-5: Average bardness in eacb section of tbe strip. 
Head Section Middle Section Tail Section 
260HV 200HV 270HV 
The hardness in the middle section is significantly lower than the ends of the strip. 
The hardness on the surface of the strip is similar to the mid plane of the strip. The 
hardness is greater on the edge of the strip than in the centre. 
EBSD was performed on the samples to show the recrystallized fraction of the 
samples. It was not possible on the ends or the outside of the middle section due to 











Table 4-6: Recrystallization Fraction in middle section of strip. 
Area Recrystallization Fraction 
Surface 0.96 




Figure 4-9: Grain maps of middle section showing level of recrystallization. In (b) 11\'1 gr.lill 
are and high angle grain boundaries are black. 
The paucity of LAGB is noted in Figure 4-9. The relatively equiaxed grain structure is 
also noted. 1bis is expected for a recrystallized grain structure. The equiaxed 
microstructure can also be seen in the optical micrographs as well shown in Figure 
4-7. 
4.3 Mill Log Analysis 
The through thickness variations were seen to be relati vely small in the context of the 
hot rolling process. The parameters are then assumed to be uniform through thickness. 
A detailed analysis was done of the mill logs to aid in assessing the microstructural 
evolution in the mill strip during the rolling process. Two different sets of mill logs 











Table 4-7: Details of mill logs presented. 
I 
Designation Number of Passes Number of Heats 
I L1 5 5 
I L2 7 8 
A heat refers to the rolling schedule of one strip. The average of the heats is presented 
in this section. The raw data is given in Appendix A. 
The labels L1 L2 describe the different rolling schedules for each set of heats. 
4.3.1 Interpass times 
The interpass times are how much time each section of the strip has to restore between 
deformation events. The values are calculated as per section 3.4.5. 
Table 4-8: Interpass time(s) for middle, head and tail section for Ll calculated from average 
values in Appendix A. 
Pass Numbers 1-2 2-3 3-4 4-5 i 
Middle 43 SO 56 64 I 
i 
Head 80 6 103 6 I 
I 
Tail 6 91 6 121 I 
! 
In the above table we note that after deformation in the first pass the middle section 
will have 43s to restore before deformation in the second pass. As can be seen from 
the Table 4-8 the middle section has a relatively large amount of time to recrystallize 
from 43s to 64s. From the first pass to the second pass the head would have 80s to 
restore whereas the tail would have 6s to restore. In the short time of 6s the tail 
section is unlikely to have restored and strain is likely to accumulate. The opposite is 
true for the head section that is likely to restore completely. The strain accumulation 
in the tail section and not the head section indicates that the tail section would have 
the highest mean flow stress (MFS) on the second pass. Following the same logic the 











4.3.2 Mean Flow Stress 
The results of the MFS analysis are presented in this section. The MFS values are 
calculated using Equation 3-10 and explained in section 3.4.1.1. 
In Figure 4-10, below, the MFS for a 5 pass schedule for L 1 is contrasted to a 7 pass 
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Figure 4-10: Average middle section MFS for five and seven pass scbeduJes as related to inverse 
temperature. Th~ are plotted for miD logs Ll and L2. The MFS for pass I is represented by the 
label PI. The lines are drawn in to indicate the sequence of the passes and the change in slope 
between passes. 
A large increase from pass one to pass two, followed by passes where the stress 
values are at the same level and then an increase in the last few passes is seen in both 
curves in Figure 4-10. The seven pass graph increases to a larger extent than the five 
pass graph. The stress axis range is relatively small and only increases 35MPa from 
185MPa to 220MPa. Another observation is that even though temperature is 
increasing from pass 1 to pass 2, the MFS increases. 
In Figure 4-11 the predicted steady state stress and strain per pass is presented on the 
same axis as the MFS to attempt to account for the changes or to at least to distinguish 
which factors have an influence on the MFS. An increase in the steady state stress 











The strain is calculated as per Equation 3-16 and Equation 3-17. The steady state 
stress was calculated from Equation 3-22 and using constants from Smal et a124. 
Smal's results were from the same type of stainless steel from the same mill as used in 
this study. The strain rate was calculated from Equation 3-19 and Equation 3-20 for 
use in the steady state equation. The absolute value of the steady state stress is not of 
great importance but the relative change from one pass to another is of interest. The 





















A • • 
0.37 




• Predicted Steady State Stress I A~ 
0.25 
3 4 5 
Pass Number 
Figure 4-11: Relation of rnlculated steady state stress and strain to MFS for the middle section 
for Ll. These comparisons are per pass. 
The relationships between variables are shown above. Similar to Figure 4-10 the 
range of stress values is quite small, only 30 MPa. The steady state stress increases 
from the second pass to the last pass. The strain demonstrates opposite behaviour and 
decreases from the second pass to the last pass. 
The maximum steady state stress is compared to the maximum MFS in contrast with 
the MFS for the middle section for mill log L1 in Figure 4-12. The maximum MFS 
can correspond to the head section or the tail section depending on which pass. In 











besides the first pass. The tail section in the first pass demonstrates the lowest 
temperature (see Figure 3-12 on page 49). This means that it will then have the 
highest MFS. 
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Figure 4-12: MFS middle and ends compared to minimum steady state stress. 
In the end section, a very large increase in the MFS is seen from at least 200MPa to 
nearly 320MPa. This increase is very large compared to the narrow range of values 
experienced by the middle section. The MFS and the steady state stress can be seen to 
increase from the first to the last pass. The change in the MFS is greater than the 
changes in the steady state stress. 
4.4 Axisymmetric Uniaxial Compression 
The results of the uniaxial compression tests are presented in Figure 4-13. The effects 
of the process parameters such as strain, strain rate and temperature on the MFS and 
the resulting microstructure are evaluated. These are compared to the MFS from the 
mill logs and the mill sample microstructure. The decision to test at these 












4.4.1 Temperature Effects at a Strain Rate of 60s-I 
The flow stress is plotted at temperatures between 900°C and 1050°C at a strain rate 
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Figure 4-13: Flow stress at 60s-1 showing the effects of temperature. 
As can be seen in Figure 4-13 above increasing the deformation temperature 
decreases the flow stress. The decrease in flow stress with an increase in temperature 
is due to thermally induced restoration such as recovery and recrystallization. 
The microstructural change of the uniaxial compression sample with an increase in 
deformation temperature is presented in Figure 4-14. In Figure 4-15 the hardness of 
the quenched material after deformation at the above parameters is given. Nine 
readings were taken for each measurement and the sampling procedure is described in 
section 3.5.3.1. The change in hardness and microstructure with deformation 











curved annealing twin 
so pm 
Figure 4-14: Change in microstructure or the uniaxial compression specimen.. Ddormation 
conditions are 60s-I and 03 strain ror all micrograpbs. Oxalic acid etcbant was used-
Temperatures are as rollows: (a) 900°C; (b) 950°C; (c) lOOO°C; (d) 1050°C Note the compression 
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Temperature (DC) 
Figure 4-15: Hardness values or specimens derormed with strain rate 60s-I and 0.3 strain at 
varying temperatures. Error bars indicate standard deviation. 
The annealing twins are not seen at the lower temperatures in Figure 4-14_ The grain 
boundaries become straighter with the increasing temperature_ Annealing twins are 












In Figure 4-13 is repeated in Figure 4-15, an increased resistance to dislocation 
movement with a decrease in temperature. This increased resistance may be measured 
by an increase in hardness or an increase in flow stress. 
For the conditions and material as in Figure 4-14, a different etchant, Nitric Acid is 
used which preferentially attacks grain boundaries. The grains size can therefore be 
ascertained. The grain size is then quantified in Figure 4-17. The Heyn intercept 
method which is described in section 3.5.2. was used. 
50 pm 
Figure 4-16: Micrographs w~ of the same specimen ~ Fagure 4-14 bot a different etchant of 
60% nitric acid - 40% water was used. Temperatures are as foUows: (a) 900°C; (b) 9SOoC; (c) 
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Figure 4-17: Grain size measurements ~ a function of temperature at 0.3 strain and 60s"'. Error 












The contrasting microstructure between Figure 4-14 and Figure 4-16 can be seen. 
Grain reflllement can be seen with an increase in temperature and is quantified in 
Figure 4-17 with the method of calculation explained in section 3.5.2. 
4.4.2 Strain Rate Effects at lOOO°C 
In the figure below the deformation temperature is fixed and the effect of strain rate 
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Figure 4-18: Flow stress at l000°C sbowing effects of strain rate as indicated in tbe legend. 
As seen in Figure 4-18 an increase in flow stress is seen as is expected with increase 
in strain rate. The increase is less than the temperature related increase in flow stress 
(see Figure 4-13). As in the previous section the as-quenched hardness of the 
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Strain Rate (5.1) 
Figure 4-19: Variation in hardness with strain rate, Deformed at l000°C to 0.3 strain. Error bars 
indicate standard deviation. 
The increase in flow stress with strain rate is not observed in the hardness tests as seen 
in Figure 4-19. The standard deviation in the hardness testing is greater than any 
discemable upward trend. The hardness is insensitive to strain rate in the range tested. 
4.4.3 Double Hit Temperature Effects 
The results of the double compression or double hit tests are presented below as 
detailed in Table 3-5, section 3.2.4. The specimens are held at temperature, then 
compressed and then held for 60s before being compressed again at the same 
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Figure 4-20: All flow stress curves deformed at 60s-I at the various temperatures. Bit 1 indicates 
the flow stress during the ru-st deformation event and Hit 2 during the second deformation event. 
The temperature(°C) is given in the legend. 
In Figure 4-20 (b), for 10500 e and lOOOoe the Hit 1 and Hit 2 are virtually identica1. 
This indicates that full restoration of properties between passes has occurred_ From 
9500 e to 800oe, the flow stress increases in a marked fashion between passes which 
indicates strain accumulation. 
The as-quenched hardness and microstructure from these compression tests are 
presented in Figure 4-2 L The double hit hardness is compared to the single hit 










































. 0.2 + 0.25 
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1050 
F1gure 4-21: Hardness as function of temperature. Results are plotted for single hit (strain = 0.3) 
and double hit (strain = 0.2 + 0.25). Error bars indicate standard deviation. 
50 pm 
F1gure 4-22: Double hit micrographs where the strain is first 0.2 and then 0.25 at a strain rate of 
60s·1• The etehant is oxalic acid and the etch time is IS seconds. Temperatures are as foUows: (a) 
8SOoC; (b) 900°C; (e) 950°C; (d) l000°C; (e) IOSO°C. 
As can be seen in Figure 4-21, above at temperatures of 950°C and below the double 
hit hardness is greater than the single hit hardness. This indicates effective strain 












lower indicating that restoration has occurred between hits and the cumulative strain 
is lower than that for a single hit event. The large change in restoration rate is again 
observed from above 950°C. 
As can be seen in Figure 4-22 the grain boundaries are straighter at higher 
temperatures. At 900°C and 850°C a distinct difference in etch behaviour is seen. The 
annealing twins are not revealed. The grains are also flattened in the compression axis 
direction at the lower temperatures. 
4.5 Characterisation of Post-Deformation Softening 
Heat treatments were done on the deformed uniaxial compression samples. The 
results of these heat treatments were analysed by two different methods. The first 
method is to deform the sample again after the heat treatment and compare the yield 
stress from the first and second deformation. The second method is to study the 
changes in hardness with the heat treatment time. Both these methods are described 
in section 3.3. 
4.5.1 Restoration of Yield Stress 
The restoration of yield stress (FS) is plotted in Figure 4-23 using Equation 3-2 in 











In Figure 4-28 the strain rate change can be seen to have a minimal effect on the 
restoration. The temperature effect is much stronger. The effects of restoration are 
clearest at the higher temperatures as seen in Figure 4-29. The straight grain 
boundaries can be clearly seen in the final microstructures. 
4.5.3 Determining Time to 50% Recrystallization 
To calculate Avrami constants and to.5 equation constants the fraction recrystallized 
(Xsrx) has to be calculated. This is done for the samples deformed to the same strain 
and strain rate. In this study, Xsrx is calculated for the specimens deformed at 0.3 
strain and 60s- I strain rate. 
The calculation of the Xsrx value requires the determination of the fully recrystallized 
hardness (hy) (see section 3.3.2). No levelling off was seen on samples deformed at 
900°C in Figure 4-26 and at 950°C in Figure 4-28 and there were insufficient samples 
to continue with the annealing treatments so the hf could not be evaluated directly 
from the hardness data. The value of hf would have to be evaluated in some other 
fashion. The Xsrx could first be determined for some instantaneous measured hardness 
(h) and rearranging Equation 3-3 the hr value could then be calculated. Electron 
backscatter diffraction (EBSD) was done to ascertain this Xsrx value. The results of 
the EBSD are presented in Table 4-9, below. A set of three maps were done of 200llm 
by 200Jlffi. 
Table 4·9: Results of EBSD fraction recrystallized analysis. 
Number I Temperature 
Annealing Average 
Time Xsrx 
I 900°C 240s 1.0 
2 
I 
950°C 120s 1.0 
Both samples are seen to be fully recrystallized at the final annealing times of 240s 
and 120s for 900°C and 950°C respectively. Consequently the h values measured at 
these temperatures were then deemed to be the hf. Using the hr, the Xsrx may be 
determined. The Xsrx for 900°C, 950°C and 10000e as a function of annealing time is 











The activation energy in hot working (Qdef) is 434kJ.mor1 from Smal et aL His work 
was based on stainless steel from the same mill as the present study. From the values 
then calculated from the equation defining the straight line in Figure 4-32 , A in 
Equation 3-7 is 6x1O-16 and the activation energy for recrystallization (Qsrx) is 
478kJ.morl. 
The full equation is then 
t05 6 x 10-16 €-2D~Z-llm exp[ 47:~OO] 
Equation 4-1 
This result compares favourably with the results from literature as seen in Table 2-3 










CHAPTER 5: DISCUSSION 
5.1 Mill Strip Analysis 
The finite element analysis of the mill strip in conjunction with the microstructural 
analysis is considered in this section. Due discretion is required in analysing the mill 
samples since they are not quenched as is mentioned in section 4.2. 
5.1.1 Through Thickness Variations 
The results of the finite element analysis are considered in conjunction with the 
microstructural analysis. 
Using the tabulated data from Table 4-1 through to Table 4-4, assuming an original 
grain size of 35J!m and fitting these into Equation 4-1 the time to 50% 
recrystallization (to.s) can be determined which represents the combined effect of all 
the process variables on the mill strip properties. The distribution of the to.5 value 
through thickness is presented for the middle section. The detail of this calculation is 
given in Appendix B. 
Table 5-1: Time(s) to 50% recrystallization for the middle section using Equation 4-1. 
Pass 






24 25 25 26 : { 28 30 32 29 
9 9 • 9 9 9 9 10 10 6 
4 4 4 4 4 4 4 4 2 
5 5 5 5 5 5 5 5 3 
60 60 61 61 60 59 60 59 48 
.............. -
Note: MI = mId plane and M9 = surface 
From Table 5-1, there is little variation and no discernable trends in the values of to.s 
through thickness. The change in to.5 is validated by the hardness measurements which 
differ from the mid plane to the surface in the order of 5% (see Figure 4-8). The 











through thickness. The grain boundaries are not clearly delineated in the centre but 
this could be a relic from segregation during the casting of the billet. The effects of 
this segregation could have been carried through to the end microstructure during the 
rolling process. 
5.1.2 Middle, Head and Tail Section Property Variations 
The hardest section of the strip is the tail section followed by the head section and the 
softest is the middle section as can be seen in Table 4-5. The tail section is only 
marginally harder than the head section. The hardness difference is quite large 
between the end sections and the middle section, and is greater than 30%. The 
microstructure differs in a marked fashion between the ends and the middle section. 
Deformed elongated grains are seen in the ends whereas an equiaxed grain structure is 
seen in the middle section. The end section samples also have no annealing twins, 
which are seen in the middle section. By comparison the only axial compression 
samples (laboratory simulations) that did not show annealing twins with the oxalic 
acid etchant was the double hit samples deformed at 900De and 850De (see Figure 
4-22). All the compression samples deformed at higher temperatures demonstrated 
annealing twins. The middle section was nearly fully recrystallized according to the 
EBSD analysis whereas the end sections showed a high level of deformation as can be 
seen in the hardness measurements and the microstructure. 
The relative difference between the edge of the strip and the centre is greater in the 
middle section than in the end sections. By considering how the strip is coiled; it can 
be seen that the edge of the middle section would be the only area directly exposed to 
the air. It would be colder and therefore harder than the rest of the material. The end 
sections are not coiled in the hot coiler on every other pass and the edge and the centre 
are exposed to the air so the transverse variations in hardness are not as pronounced. 
5.2 Mill Log Analysis 
The analysis of the mill logs is an important step in understanding the metallurgical 












5.2.1 Middle Section MFS trends 
The MFS for mill log L1 is presented below. This data is a representative sample of 
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Figure 5-1: Pass schedule for L1 representing the middle section. Pass 1(P1) is indicated. 
In all the MFS plots (Figure 4-10) there is a relatively large increase in MFS from the 
first to the second pass. This increase is despite a temperature increase which would 
normally decrease the MFS as was shown previously (see section 4.4.1 where the 
decrease in temperature would cause an increase in flow stress). At l000°C full 
restoration would occur in 30s and the interpass time is 43s (see section Figure 4-28). 
This indicates that full restoration would have occurred after pass I and no strain 
could accumulate. The only other parameter that could increase the MFS is the strain 
(see Figure 4-11). This parameter increases only marginally and subsequent decreases 
in the strain do not cause such large changes in the MFS. In both the seven and the 
five pass schedules the data is roughly in a straight line with the exclusion of the first 
pass. The first pass data would be distant from this line. This would indicate that the 
temperature measurement of PI is inaccurate to some extent. It is the only pass where 
the strip was not heated and coiled up in the hot coil furnace before the optical 
pyrometer measures the surface temperature. The material was heated in the preheat 
furnace prior to rough rolling. The contact of the work rolls of the roughing mill with 











is not representative of the bulk material. The FEM also shows a low temperature on 
the surface. Thus the recorded surface temperature for P I is most likely much lower 
than the bulk and consequently the MFS-temperature relationship for PI is erroneous. 
In passes 2, 3 and, 4 the MFS falls in a very narrow range of values and this seems to 
be a balance between the strain and the steady state stress as can be seen from Figure 
4-11 with no strain accumulation. 
5.2.2 End Section kinetics 
The time to 50% recrystallization (to.5) is also calculated and presented in Table 5-2, 
for mill log Ll. The deformation parameters required to calculate to,s is also included. 
Equation 4-1 is the equation used to calculate these times. The temperature used for 
both the head and the tail is the minimum temperature experienced, Due to a lack of 
data the deformation temperature was assumed to be equal to the annealing 
temperature. The steps used to calculate to,s and to calculate all the variables in Table 
5-2 are given in Appendix B. 
Table 5-2: Time(s) to 50% recrystallization for the head section • 
Strain per Interpass 
. Effective I 
Pass Xsrx to.s (s) 
pass Time Strain 
1 DAD 80 DAD 0.18 274 
2 0043 6 0.76 0043 7 
3 0.39 103 0.83 1.00 6 
4 0.35 6 0,35 0.02 
j 
253 
5 0.27 - -
I 
37 
The head section kinetics can be seen in Table 5-2 above. Full restoration is only seen 
on pass 3 as can be seen by the Xsrx of 1.00 in that pass. Otherwise strain 
accumulation can be on all other passes. The pass 5 to.5 is quite short considering that 
the head end of the strip had no signs of recrystallization. The temperature used to 
calculate this value was the last temperature as measured by the pyrometer as the strip 
is exiting the roll gap. The strip thickness is very thin so significant cooling could 











Table 5·3: Time (s) to 50% recrystallization for the tail section. 
Strain per Interpass Effective 
Pass Xsrx to.5 (s) 
pass Time Strain 
I I 0.40 6 0.40 0.02 274 
2 0.43 91 0.83 1.00 2 
3 0.39 6 0.39 O.LI 3 
4 0.35 121 0.63 1.00 3 
5 0.27 - - - 65 
Recrystallization occurs in both passes 2 and 4 as can be seen by the Xsrx of 1.00 in 
those passes. The tail section 1:0.5 is again relatively low at 65s but the explanation of 
why it is so low is the same as for the head section. 
5.2.3 Comparison of Flow Stress and MFS 
The flow stress at 0.3 strain for 1050°C is 228MPa as can be seen in Figure 4-13. The 
data values for the mill log in Figure 1 are between 1000°C and 1050°C and the 
highest value is below 215MPa. Except for the last pass the strain is greater than 0.3 
strain in the mill schedule. Despite a higher temperature and lower strain the flow 
stress is greater than the calculated MFS. The mill log MFS values are lower than 
corresponding flow stress values from the compression tests. This could be due to 
inadequate compensation for the specimen tension in the strip. The specimen tension 
would reduce the working load and give a lower MFS value. 
5.3 Time to 50 % Recrystallization 
The time to 50% recrystallization (1:05) is evaluated in this section and compared to 
equations from literature. The form of this equation is given by Equation 2-9 and their 
constants are given in Table 2-3. The first step is to determine which equations are 
usable. Equations can be excluded where the deformation temperature is equal to the 
annealing temperature since that is not always the case in the rolling schedules. 
Equations are excluded where not enough constants are given. The only equation is 












procedure is followed as detailed in the Appendix B, with an extra calculation for 
calculating the peak strain. 
Table 5·4: Time(s) to 50% recrystallization for mill log L1 using Equation 2·10. 
Pass Number Tail Section Middle Section Head Section 
~ ......... 
1 0.409 0.106 0.409 
2 0.040 0.009 0.040 
I 
3 0.024 0.003 0.024 
4 0.022 0.002 0.022 
5 0.029 0.002 I 0.029 
The times indicate that recrystallization would have occurred in the whole strip. This 
is clearly not correct for tail and the head section, from the microstructural analysis of 










CHAPTER 6: CONCLUSIONS 
6.1 Mill Strip Analysis 
The conclusions here are drawn from the discussion in section 5.1. 
• The mill strip through thickness variation is relatively small in both the middle 
sections and the end sections. The mill strip deformation and microstructure 
evolution can be considered uniform through thickness. 
• The property variation in the transverse direction is greater in the middle 
section than in the end section. 
• The ends are significantly more deformed than the middle section of the strip. 
The middle section is fully recrystallized where as the ends show no signs of 
recrystallization 
6.2 Mill Log analysis 
The mill log analysis provides valuable insight into the metallurgical evolution of the 
mill strip during the rolling process. Due discretion is required when interpreting the 
mill log data. Very few mill logs were analysed (five to eight) and these mill logs can 
show scatter in the data. Therefore no detailed conclusions can be drawn from 
analysis of these mill logs alone. All conclusions will be supported with other 
information. Here the other information was gained from metallography of the mill 
strips and uniaxial compression tests. An example of the problem is the measured 
temperature of the strip in the first pass. The measured temperature was lower than the 
speculated bulk temperature and the slope from the first to the second pass could be 
erroneously construed to be due to strain accumulation. But due to the occurrence of 












• Complete restoration occurs between every pass in the middle section. The 
recrystallized state of the middle section mill samples verifies that this is 
possible. 
• The kinetics of the head section and the tail section are different in every pass. 
6.3 Axisymmetric Uniaxial Conlpression 
Hot axial compression testing provided a valuable understanding of the flow stress 
changes with the changes in strain, strain rate, temperature and with single or double 
hits. The conclusions drawn below are based on section 4.4. 
• The temperature has a profound influence on the flow stress and the 
microstructure. The higher the temperature the finer the grain sizes but the 
lower the hardness. 
• The strain rates experienced in hot rolling does not have a significant effect on 
the flow stress and no measurable effect on the hardness. 
• At temperatures above 950°C the material restores fully at the interpass times 
typically experienced during hot rolling (approximately 60s). 
6.4 Characterisation of Post Deformation Softening 
Performing heat treatments on the samples deformed in uniaxial compression allows 
us to draw conclusions on the restoration of the samples - on how different parameters 
influence the restoration kinetics. 
• An increase in strain has the same effect as increasing the temperature which 
accelerates the restoration. 
• The changes in the strain rates associated with hot rolling have no measurable 










6.5 The Time to 50% Recrystallization Equation 
The time to 50% recrystallization (t05) equations from literature are inadequate in 
predicting the microstructural evolution in the mill strip based on data from the mill 
logs. Either the equations have data missing from them or they are inaccurate. The 
need is seen for a more accurate equation which can predict the microstructural 










CHAPTER 7: RECOMMENDATIONS 
7.1 Direct Annealing Practice for Full Softening 
The t50 given are based on a particular mill log and is not valid for all mill logs. 
Different mill strips will need different times to fully soften based on their individual 
mill logs. The individual mill log should then be used and the steps in Appendix B 
followed to calculate the to.5. This value of to.5 could then be used to make a 
judgement on how long the annealing practice would take. The quality of the data that 
is used in the equation would influence the accuracy of the 10.5 equation. 
7.2 Simulations 
In this section recommendations are made to future research to enable better 
simulation of the hot rolling practice. These recommendations are made for the MTL 
Cam Plastometer that was used in these studies. 
• Uniaxial deformation studies could be done with a larger number of hits to 
match the number of passes in a hot rolling schedule. This would be five or 
seven. With a greater number of hits the initial length of the specimen has to 
increase and therefore the specimen becomes more unstable. The chance of the 
load being placed eccentrically on the specimen increases. A second issue that 
would arise is that the barrelling would increase. This would cause greater 
strain inhomogeneity in the specimen. To compensate for this, measurements 
should not be taken in the middle but rather in the strain shell, where the local 
strain is very close to the nominal strain7o. This strain shell can either be found 
by doing a finite element model or by taking profiles of hardness across the 
specimen. 
• The uniaxial compression testing could be done to higher strains. Since the 











higher strain. With the increased strain, as with increasing the number of hits, 
barrelling would occur and would have to be compensated for. 
• The variables in the compression testing can be varied in a number of ways. 
The temperatures between 950°C and 1000°C are very critical. Doing double 
hit tests in that range at possibly 10°C intervals would be quite enlightening. 
The time between hits could also be shortened from 60 seconds to 30 seconds. 
7.3 Mill Strip Temperature 
The temperature profile of the strip is very complex during deformation. There is a 
need to more accurately gauge the temperature profile during the rolling operation. 
This information would then be valuable for use in a to.5 equation. A new to.5 equation 
could then be produced to account for temperature fluctuations. Here are a few 
suggestions to achieve more accurate temperature data. 
• A finite differences approach could be used to assess the temperature profile. 
• Laboratory simulation could be done by rolling the material with a 
thermocouple embedded in the rolling strip. This facility is available at the 
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Table A-I: Five pass mill logs on the 1/4/2003 
-oJ w 
C 0 W -oJ W C 
-oJ 0 C -oJ ~ 
C -oJ W -oJ C C C w 0 Z 0 ~ 9 :i z C -oJ 
C W 
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II: II: II: II: w W Q.. Q.. ~ 0 w w 
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0 z c( u. ~ ~ 
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c( Z X z 0 0 0 0 Z Z X X :J: :J: 0 0 
CI) Q.. W W w II: II: a: II: w w w W II: II: 
mm mm mm kN kN kNm kNm "C "C "C "C m/s s 
25.46 18.36 1303 20755 1932611047 977 1009 1043 4.50 25.34 











TabJe A-2: 7 pass miJIlogs on 01/04/2004 
0 
-J 
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Table A-4: Mill logs used for Finite Element Model, first two passes 
A7 2 
A6 2 AS 2 ~~.,..-I-~~ 
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A4 5 13.4 887.7 939.7 7.3 14171.1 1-218.6 
A5 5 75.59 18.0 937.7 1 951.0 7.3 13232.5 -85~.9"""""--=3-:-16~.-=-5 -+--=-=-
A6 I 5 97.47 22.2 894.8 955.0 7.3 6.1 12768.9 ~ 279.7 
A7 5 121.68 26.6 914.0 958.0 7.3 6.2 12592.4 -15.0 384.3 
A8 5 ..... 1-:-4~5.-:-88-+--=:2~9.-c:-9 ..,.-956.5 I 961.0 7.3 6.2 12640.2 32.7 283.1 
A9 5 169.32 ' 32.9 1 962.0 961.0 7.3 6.2 12780.0 64.4 271.6 7.502 
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A11 5 216.20 38.9 1 9?5.0 I 948: 9 . ....!..:.3 6.2 12978.6 , 108.4 269.5 17.499 1 
A12 5 239.67 41.9 938.4 922.3 7.3 6.1 12978.6 69.4 98.6 I 6.999 














Table A-6: 5 pass mill log scbedule on 26/11/2002 
(!) 
~ (!) ~ (!) Z Z ~ ~ ~ Z W > ::E ~ ~ ~ ::E c( (!) 
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~ Z X ~ ~ ~ 0 0 Z Z Z w w a: a: w w w 
mm mm mm kN kN kN mls 'C 'C 'C 
1 25.48 18.43 1566 26497 24562 21588 1.12 988 1014 1039 
2 18.4013:Q9, 1586j 28674 25867 7328 0.861 979' 10141 1030 
3 13.04 9.71 11587 29431 249871 
4 7.68 1586 27007 18050 
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Step 3: Calculate grain size (0 1) after the first pass. Equation B-2 adapted from Equation 
3-20 on page 51 
Calculated with 0 0 = 351lm 




recrystallized grain size after jlh pass 
Dynamic Recovery, Z parameter in ith pass (352 kJ.mor l for AISI304 
stainless steel) 
accumulated strain in the i lb pass (note in first pass = £j) ath pass of 
Table 4-1) 
A' constant (value is 71.4s0 1tJ,mO.5 for AISI304 stainless steel) 
Table B-3: Grain size after each pass 
Pass 
Number M1 M2 M3 M4 M5 M6 M7 M8 M9 c._ 
1 25 25 25 24 24 24 24 23 22 
2 17 17 17 17 17 16 16 16 14 
3 15 15 15 14 14 14 13 13 12 
4 16 16 16 16 16 16 16 15 14 
5 18 18 17 17 17 17 16 16 16 
Step 4: Calculate the first pass time to 50% recrystallization (t:'5 ). Equation B-3 adapted 
from Equation 4-1 on page 90 
eJ5 = 6x 10-16 £"-2 02 Z~O.J75 exp[478000] 
I I I-I I RT 
I 
Equation B-3 
Where: t°.5 = 
I 
interpass temperature in the iIh pass (K) 












Table 8-4: Time to 50% recrystallization 
I Pass 







1 24 25 25 26 27 28 30 32 29 
2 9 9 10 10 10 10 11 11 7 
3 4 4 4 4 4 4 4 4 3 
4 6 6 6 6 5 5 5 5 4 
5 70 69 70 70 70 69 69 68 56 
Step 5: Calculate the fraction recrystallized (X I ) for the ftrst pass. Equation B-4 adapted 








Xi ~ 1 - eX{-ln2lU:,)'] 
fraction recrystallized in i th pass (Table 4-1) 
interpass time in i th pass (s) (Table 4-1 ) 
Avrami Constant (1.1) 
Table 8-5: Fraction recrystallized 
Equation 84 
I Pass 
• Number M1 M2 M3 M4 M5 M6 M7 M8 M9 
I 1 0.73 0.72 0.71 0.70 0.69 0.67 0.64 0.62 
2 0.97 0.97 0.97 0.97 0.96 0.96 0.95 0.95 
3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Step 6: Calculate accumulated strain (Ea) for second pass. Equation B-5 adapted from 



















Table 8-6: Effective strain 
Pass M1 M2 M3 M4 M5 M6 Number 
1 0.32 0.32 0.32 0.32 0.32 0.32 
2 0.39 0.40 0.40 0.40 0.41 0.42 
3 0.31 0.31 0.31 0.32 0.32 0.32 
4 0.23 0.23 0.23 0.23 0.23 0.24 
5 0.17 0.17 0.17 0.17 0.17 0.18 
Step 7: repeat step 3, 4 and 5 in order for second pass 
Step 8: repeat step 6 and then 3, 4, 5 in order for third pass 
Step 9: repeat step 8 for fourth pass 
Step 10: repeat step 6,3 and 4 in order for fifth pass 
This routine could be adapted for a 7 pass by excluding step 10 
Step 10: repeat step 8 for fifth pass 
Step 11: repeat step 8 for sixth pass 
Step 12: repeat step 6, 3 and 4 in order for fifth pass 
122 
M7 M8 M9 I 
0.32 0.33 0.33 I 
0.43 0.44 0.43 I 
0.32 0.32 0.31 
0.24 0.24 0.24 
0.18 0.18 0.18 
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